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ABSTRACT
Lucinidae clams are known to harbor environmentally acquired endosymbionts within
their gills. Although there has been recent work on the genomic and functional diversity
of lucinid endosymbionts, there are uncertainties regarding the extent of their diversity
and differences in metabolisms under various environmental conditions. In this study, the
genetic and functional differences in endosymbionts was examined for six lucinid host
species collected from eight total sites from Florida, USA and San Salvador, the
Bahamas. There were 42 metagenome assembled genomes (MAGs) generated which
clustered into three species and six subspecies. MAGs were closely related to clade A
endosymbionts Candidatus Thiodiazotropha endolucinida from Codakia orbicularis or
Ca. Thiodiazotropha endoloripes from Loripes orbiculatus based on phylogenetics and
average nucleotide identity (ANI) and average amino acid identity (AAI) analyses. All
subspecies had several genes related to the metabolic systems involved in sulfate,
nitrogen, and amino acid metabolism, defense, vitamins, and structure/motility. Most of
the variability between the species were found in KEGG metabolic categories involved in
carbohydrate metabolism and membrane transport where the most abundant accessory
genes were in energy metabolism and signaling/cellular processes. Location influenced
the prophage components present more than the subspecies type. Genes were mostly
horizontally transferred within the same species regardless of the location and were
mostly comprised of hypothetical proteins. This research significantly expands the known
diversity and representatives from three lucinid endosymbiont species and suggests key
differences in genetic adaptations as assessed by phylogeny, viral infection and horizontal
gene transfer.
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CHAPTER ONE
INTRODUCTION
The Lucinidae family of clams (lucinids) belong to the kingdom Animalia, phylum
Mollusca and class Bivalvia 1. More than 100 living lucinid species from approximately
69 genera are recognized 2,3. Lucinids occupy a wide range of habitats and geographical
locations 4 including oxygen minimum zones 5, deep sea sediments 6, cold seeps 7, mud
volcanoes 8, hydrothermal vents 9, around mangroves swamps 10, a sewage outfall 11, an
intertidal mud flat 12, and most frequently in tropical and temperate seagrass beds 6.
All lucinids harbor chemoautotrophic endosymbiotic bacteria in their gills 13. These
endosymbionts oxidize sulfide from the environment for energy and fix carbon dioxide
into sugars for themselves and their host 14. Most lucinids form a three-way symbiosis
with seagrass and endosymbionts. The endosymbiotic bacteria in the lucinid’s gills
respire oxygen and oxidize sulfide actively transported into their bacteriocytes by the
clam. This energy creating process drives carbon fixation via the Calvin Cycle to create
sugars 15. These sugars are used by the lucinid and their endosymbiont bacteria for
normal growth and metabolism. The presence of lucinids can help reduce the amount of
sulfide present in the environment. When lucinids are not present, sulfides can build up in
the environment from the decomposition of organic matter, and sulfide buildup can be
detrimental to the seagrass 14.
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Symbiont diversity
Chemosynthetic lucinid endosymbionts belong to one bacterial class known as
Gammaproteobacteria 16. Lucinid endosymbionts have been organized into three major
clades: A, B and C, based on their 16S rRNA gene sequences. It was originally believed
that each clade (A, B and C) corresponded to one species of endosymbiont 17. In brief,
since lucinids acquire their endosymbionts by horizontal transmission, their
endosymbionts would be more diverse than vertically transmitted endosymbionts;
however, 16S rRNA gene sequencing analyses suggested that there is very little
variability in endosymbiont functions, especially in Clade A 18. This study also proposed
that endosymbiont diversity depends upon what bacterial species are present in the
environment at that time and location. To support this hypothesis, it was shown recently
that a single host population may harbor multiple symbiont species and strains. A 16S
rRNA gene and marker gene study determined that clade A had the most identified
lucinid endosymbiont species and it was hypothesized that host geographic location may
determine the strain diversity for a population 18.
However, more recent studies using phylogenic analyses of the 16S rRNA gene
determined that clade A symbionts are made up of many different strains 19,20,21. In one
study, four specific gammaproteobacterial metagenome assembled genomes (MAGs)
were sequenced from eight Codakia orbicularis specimens. These MAGs grouped into
four Operational Taxonomic Units (OTUs) which were likely four strains from two
different bacterial species. MAGs within each of the four specific OTUs shared at least
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99% pairwise average nucleotide and average amino acid identity with each other
showing how similar they were regardless of being from different OTUs 18.
Genomes of several symbionts have recently been sequenced that greatly expand
the genetic and functional diversity of these bacteria. Prior to work done in our lab 18,
only two clade A chemosynthetic lucinid symbiont species in Codakia orbicularis and
Loripes orbiculatus were sequenced 22. Our laboratory sequenced an endosymbiont from
clade C, Phacoides pectinatus, with a proposed name of Ca. Sedimenticola
endophacoides 23. A total of 25 MAGs were sequenced and using phylogenetic analyses
and pAAI/pANI revealed that Clade A has at least three species (assigned as Ca.
Thiodiazotropha endolucinida, Ca. Thiodiazotropha endolucinidaduo, and Ca.
Thiodiazotropha endolucininae) rather than the previous hypothesis of one species.
Therefore, clade A has higher species diversity than originally thought 24. A new in press
study grouped 53 high quality MAGs into ten different species based on an ANI value
greater than 95% and most likely belonged to the same species represented by the genus
Ca. Thiodiazotropha. Reanalysis of one previously described symbiont species, Ca.
Thiodiazotropha endoloripes revealed it is actually composed of two distinct species
instead of one, so the authors proposed two new names: Ca. Thiodiazotropha weberae
and Ca. Thiodiazotropha lotti 25.
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Symbiont metabolism
The three-way symbiosis previously mentioned among the lucinid host,
endosymbionts, and seagrass requires the endosymbionts to have sulfide oxidation
capabilities to remove excess sulfide from the environment. Clade A lucinid
endosymbionts can also fix nitrogen gas under certain conditions, which is important for
plants like seagrass in nitrogen-limiting ecosystems 26. Production of fixed nitrogen from
the symbionts may allow the lucinid to inhabit low nitrogen areas, where other organisms
may not be able to inhabit, lessening the competition for resources. Also, lucinid
symbionts may contain nitrate reductase which is used to respire nitrate as a terminal
electron acceptor instead of oxygen 27. This would allow the lucinid to inhabit areas of
low oxygen when other species may not. Under anoxic conditions, the lucinid
endosymbionts could use intracellular sulfur as an electron acceptor which is reduced to
hydrogen sulfide, and H2S or S2O32- as the electron donor for respiration 28. Even though
anaerobic respiration has been shown to be unfavorable due to less energy produced, the
lucinid and endosymbionts may use this reaction under anoxic circumstances until
conditions become favorable again.
Major metabolic processes differ in lucinids and the types of genes that encode
these processes. Some major metabolic proteins in lucinids include cbb3-Cox, RuBisCO,
SQR and NifH. Cbb3-type cytochrome c oxidase (cbb3 -Cox) is a type of cytochrome c
oxidase found only in eubacteria 29. Cbb3 -Cox is a component of the respiratory chain
that is involved in the reduction of oxygen to water 30. Initiation of some metabolic
pathways requires cbb3-Cox such as nitrogen fixation and photosynthesis for specific
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bacteria 31. RuBisCO (ribulose bisphosphate carboxylase/oxygenase) is a key enzyme in
the Calvin–Benson–Bassham (CBB) reductive pentose phosphate pathway in autotrophic
organisms. This enzyme is used to catalyze the carbon dioxide fixation reaction. There
are four known forms of RuBisCO found in nature: I, II, III, and IV. The forms are based
on the differences in the primary sequence of the ∼50 kDa polypeptide 32.
Sulfide-quinone reductase (Sqr) is a hydrophobic membrane enzyme composed of a
single polypeptide 33. Sqr catalyzes the oxidation of sulfides, such as hydrogen sulfide,
with the help of a quinone 34. Sqrs have been classified into six types based on sequence
and structural analyses and each type of Sqr has a different affinity for sulfide. NifH
(nitrogenase iron protein) is a nitrogenase enzyme, which is involved in nitrogen fixation.
Nitrogen fixation is the conversion of atmospheric nitrogen to ammonia by the enzyme
nitrogenase. Most microorganisms that utilize nitrogen fixation are anerobic because
oxygen destroys nitrogenase 35. The nifH gene is the most widely used biomarker to study
the ecology and evolution of nitrogen-fixing bacteria in a wide range of environments 36.
Metabolic differences between the clade C endosymbiont, known clade A lucinid
symbionts, and other marine thioautotrophic symbionts were determined using
comparative genomic analyses. Codakia orbiculata symbionts and other clade A lucinid
symbionts likely utilize the proteins cbb3-Cox and aa3 terminal oxidases for aerobic
respiration 18,23. Thioautotrophy, respiration, and nitrogen assimilation genes differed
between the clade C (P. pectinatus) and clade A lucinid endosymbionts, and other
thioautotrophic marine symbionts 18,22,23,37. Most of clade C endosymbionts expressed the
sqr type VI gene, while clade A endosymbionts utilize Sqr types I, III, and VI proteins
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for sulfide reduction. Genes associated with nitrogen fixation were absent in clade C and
genes related to urea hydrolysis were present in clade C endosymbionts. Clade A
symbionts expressed genes associated with nitrogen fixation and either contained or did
not contain genes related to urea hydrolysis, depending on the symbiont 18,23. Some clade
C symbionts encoded and expressed genes for the production and secretion of
bactericidal colicin and expression of a transcript cluster encoding a hypothetical
filamentous hemagglutinin N-terminal domain-containing iron-responsive protein
responsible for adhesion to host tissues 18,23.
P. pectinatus possesses morphological features distinct from other lucinid bivalves,
such as high levels of three types of hemoglobin in gill pigment granules, sulfur bodies,
and large lysosomes. Host lysosomal digestion is one method that P. pectinatus is
hypothesized to transfer nutrients, including carbon, B vitamins and cofactors from its
endosymbiont, due to the high abundances of host-associated lysozyme-encoding
transcripts. Ca. Sedimenticola endophacoides was found to encode distinctive
combinations of low affinity type VI Sqr, form RuBisCO II, and the high affinity cbb3 type
terminal oxidase 38,39. Based on the genomic differences among these functional genes and
the authors’ findings, Ca. Sedimenticola endophacoides in Clade C most likely experiences
more oxygen-poor extracellular and/or intracellular environments compared to Ca.
Thiodiazotropha spp. within Clade A 18,23.
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Lucinid environments
Lucinids can occupy a specific environment, such as seagrass, or an environment
with combinations of different matter such as sediment and seagrass beds. There are
many variations of seagrass, including species from the genera Ruppia, Halodule, and
Thalassia. Conditions such as temperature could influence the growth the seagrass and
thus impact the growth of the lucinid. Several studies looked at the effects of other
environmental factors that could affect the growth of seagrass and algae 40,41,42. One study
exposed the seagrass Zostera marina to three different high temperatures based on
climate change records. They found that the high temperatures reduced shoot length
which could cause other issues like lack of light exposure 42,43. This research signifies
that environmental conditions can influence the growth of seagrass which could also
influence the survival of the lucinid as well as the lucinid’s endosymbionts and the types
of endosymbionts that are present.
Sulfides are found in abundance in sediments. Sediments in combination with
seagrass have even higher sulfide concentrations, which is a result of microbial
decomposition. The lucinid, Lucinoma aequlzonata, maintains a position in the sediment
to acquire poorly oxygenated overlying water and reduced sulfur compounds from deeper
in the mud/sediment for its endosymbionts. Other lucinids get reduced carbon and amino
nitrogen (dissolved free amino acids) from the sediment which helps with nutritional and
maintenance demands 14.
Sand was shown to have less organic matter content and microbial activity than
seagrass environments. The content of organic matter was higher in seagrass patches than
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in sand because of the ability of vegetated patches to trap organic matter. A lucinid,
Pillucina vietnamica, had the highest population percentage in sand most likely because
sand is easy for larvae to settle since it does not have rhizomes or complex seagrass root
structure that might limit burrowing 44. Sand and algae can be suitable habitats for
lucinids in different ways. Algae protects the lucinid from predators by acting as a
physical barrier and providing oxygen so the lucinid can carry out normal metabolic
processes 45.
Genetic and Functional Diversity Mechanisms
Bacteriophages could influence the endosymbionts present in the lucinid and the
functions utilized by these endosymbionts. Every second about 1023 phage infections
occur in sea water 46. Prophages are the genetic material bacteriophages inject and
integrate into host cells. Through horizontal gene transfer, bacteriophages promote
genetic diversity in prokaryotic communities. Most of the differences among strains from
the same species are thought to be caused by prophages. Using lysogenic conversion,
prophages can also change the phenotype of the host 47. A classical type of lysogenic
conversion is the transfer of extracellular toxin genes to the host. For example, a homolog
of the phage muramidase that controls the secretion of the typhoid toxin is encoded in
Salmonella enterica serotype Typhi. Some pathogens like Pseudomonas aeruginosa,
Streptococcus pneumoniae, Bacillus anthracis, and Escherichia coli phages have been
shown to influence the dynamics of biofilm formation and dispersal 46.
There are a total of five different prophage types: fully functional, defective
(cryptic), satellite, bacteriocins, and gene transfer agents (GTAs). Fully functional
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phages have the ability to grow and replicate, while defective (cryptic) prophages are
unable to continue the full phage replication cycle even if they still harbor functional
genes. Satellite prophages do not have their own virion structural protein genes, while
bacteriocins resemble phage tails that kill other similar bacteria 48. GTAs contain a
random piece of genome of the producing cell, but GTAs do not have enough DNA to
encode protein components of the particle so instead the producing cell’s genome is
encoded with structural GTA genes 48,49. Prophages can be identified through horizontal
gene transfer detection methods as well as looking for specific proteins such as terminase,
portal protein, head maturation protease, coat protein, and tail tape measure protein 50.
Geographical location might not be a factor in phage differences across species
because like symbioses, the interaction between host and virus might be necessary for
survival. Sponges that were found at two different locations had similar bacteriophages
despite being geographically separated. The presence of prophages within bacterial
symbionts provided protection against wasp parasitoids in aphids showing that animalrelated viruses might be required for mutualistic symbiosis. If viruses are found in the
lucinids, then that could imply that those viruses might interact with the gill
endosymbionts and could be essential for the endosymbionts survival or the interaction
between the host and endosymbionts 51.
The process of horizontal gene transfer through agents such as prophages, creates
genomic variability in a population, which can lead to better adaption to an environment
and thus evolution of different species 52,53. Although there has been some recent work on
the genomic and functional diversity of lucinid endosymbionts 18,23,25, there is still much

9

not known, especially from disparate populations or geographic locations. There are also
many uncertainties regarding lucinid endosymbiont species diversity and the different
metabolisms of the endosymbionts in various environmental conditions. This study
focuses on the genetic and functional differences in lucinid endosymbionts between
different environments and locations. The primary goal of this study is to investigate how
different environmental conditions and geographic locations affect lucinid endosymbionts
by analyzing their genetic and functional potential as well as functional activity among
endosymbionts in various environments. This study is also important in understanding
holistic relationships at all levels of the ecosystem which could help determine hostmicrobe interactions not only in lucinids but other species as well. The environment is
everchanging, especially with the threat of climate change, so knowing how
endosymbionts respond to different environments could help determine the survival of
the lucinid as well as other organisms with endosymbionts.
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CHAPTER TWO
RESEARCH QUESTIONS AND HYPOTHESES
Do functional genes in the endosymbiont MAGs correlate with the environment or
location the lucinid inhabits? What environment or location causes the most variation in
endosymbiont species type and genetic makeup? I hypothesize that differences in the
genetic repertoire of major metabolic processes will be observed in lucinid
endosymbionts obtained from different environmental conditions and locations.
Variations of gene type and content within and between endosymbiont species will be
influenced by the lucinids’ environment or location. Seagrass environments will cause the
most genetic and potential metabolic change in the host endosymbionts when compared
to the sand environment because sand has less organic matter and microbial activity than
seagrass and may be less variable as well. The main location of the Bahamas and Florida
will have the most effect on the genetic and functional repertoire, while specific locations
will not show much of an affect. In certain environments or locations, are transcripts
more or less expressed from some major metabolic cycles between different
endosymbionts? Are transcripts that are involved in major metabolic cycles only highly
expressed in certain environments or locations? I hypothesize that different environments
or locations will influence the gene expression found in the associated endosymbionts.
Environments with seagrass may have more endosymbionts with transcripts expressed for
sulfide oxidation to eliminate the excess sulfide produced by the seagrass. Sediment
environments may see more carbon and sulfide fixation transcripts and less oxygen
transcripts because lucinids in sediments dig deeper into the sediment which lacks
oxygen, and the deep sediment environment contains reduced sulfur and other
compounds.
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CHAPTER THREE
METHODS AND MATERIALS
Sampling Site and Sample Collection
Lucinid specimens were collected in 2017 and 2018 by a previous graduate
student from three different ponds in San Salvador, Bahamas: Moon Rock (N
24.11095456, W 74.45771952), Pain (N ~24.11145162, W 74.45679197), and Crescent
Pond (N 24.11362859, W 74.45617210) (Figures 1A and 1B) and from three different
locations in Florida, USA: Cedar Key (N 29.1386, W 83.0351), Sammy Creek (N
24.6034, W 81.5705) and Bokeelia Pier (N 26.7068, W 82.1637) (Figure 2) 18,23. Codakia
orbicularis and Lucina pensylvanica samples were collected from Pigeon Creek in San
Salvador, Bahamas (Figures 1A and 1C). Codakia orbicularis, Lucina pensylvanica,
Ctena orbiculata, Divalinga quadrisulcata and Clathrolucina costata samples were
collected from Graham’s Harbor in San Salvador, Bahamas (Figure 1A). Ctena
orbiculate were collected from Crescent, Moon Rock and Pain Pond in the Bahamas
(Figure 1B). Lucina nassula samples were collected from Cedar Key, Florida; Ctena
orbiculata samples were collected from Sammy Creek, Florida; and Stewartia floridana
samples were collected from Bokeelia Pier, Florida (Figure 2) 18,23.
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Figure 1. Sample collection from the Bahamas. (A) San Salvador Island in the Bahamas.
A1 on the map is the location of Moon Rock, Pain and Crescent Pond. A2 on the map is
the location of Pigeon Creek. A3 on the map is Graham’s Harbor. (B) Moon rock, Pain,
and Crescent Pond sampling locations on San Salvador Island in the Bahamas. (C)
Pigeon Creek sampling location on San Salvador Island in the Bahamas.
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Figure 2. Sample collection from the Florida. Florida in the United States of America.
Number 1 on the map is the location of Cedar Key. Number 2 on the map is the location
of Bokeelia Pier. Number 3 on the map is the location of Sammy Creek.

Samples for RNA work were dissected in the field (on the shore) as soon as there
were six of one lucinid species. They were all dissected and fixed in RNAlater within 30
minutes. The rest of the live clams were kept alive in WHIRL-PAK® BAGS (Pleasant
Prairie, WI) filled with surface water. Samples were dissected in the laboratory at the
field station and fixed in RNAlater at the end of the day (within 12 hours). There were
three tubes of RNAlater for each clam – one tube contained one fixed gill (went to
Clemson University or University of Tennessee Knoxville (UTK)), one tube contained
the foot (went to Clemson or UTK), and the last tube contained the other gill and all the
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remaining soft tissues. All the shells were kept and transferred to South Dakota School of
Mines and Technology.

DNA/RNA Extraction
Ctena spp. samples, collected from the Bahamas, were dissected to separate the
foot from the gill of the clam using sterilized forceps and a razor blade. The foot was
stored in the same container at -20 °C for later use. DNA and RNA were extracted from
the lucinid’s gill with a Qiagen (Valencia, CA, USA) Allprep DNA/RNA Mini Kit after
mechanical homogenization of the tissues with a motorized tissue grinder (Wheaton,
Millville, NJ, USA). For further lysis, the sample was passed through a 21-gauge
(0.8mm) needle attached to a 3 mL syringe (Becton, Dickinson and Company, Franklin
Lakes, NJ, USA) at least ten times and incubated at 60 °C for at least ten minutes.
Extracted DNA was quantified fluorometrically with Qubit™ dsDNA HS and RNA
assays (Life Technologies, Austin, TX, USA). RNA samples were then subjected to
DNase treatment using Ambion® Turbo DNA-free™ DNase kit, Life Technologies
(Carlsbad, CA, USA). The DNase treated RNA was then quantified fluorometrically with
Qubit™ RNA assays.
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Metagenomic Libraries
Metagenomic libraries were prepared from DNA extracted from six gill samples
from Ctena spp. using NEBNext® Ultra™ DNA Library Prep Kit for Illumina® (New
England Biolabs, Ipswich, MA, USA). Table 1 shows the primers that were used for each
sample. Library concentrations were quantified with the Qubit® dsDNA HS assay (Life
Technologies, Austin, TX, USA). Samples were then pooled for sequencing.
Metagenomic libraries were sequenced on Illumina’s MiSeq V2 2x250 bp platform (San
Diego, CA, USA) at Clemson University (Clemson, SC, USA) using Illumina’s MiSeq
Reagent Kit v3 (San Diego, CA, USA). Samples previously sequenced in our lab from
the Bahamas and the samples from Cedar Key, Florida used the same library preparation
process and were sequenced in Illimina Nextseq machine at Clemson University
Genomics and Bioinformatics Facility (2x150). Other samples from the Bahamas were
processed by Dr. Annette Engel from the University of Tennessee and sequenced by the
institute MR DNA (Molecular Research; Shallowater, TX USA).

16

Table 1. Primers used for each sample using NEBNext® Ultra™ DNA Library Prep Kit
for Illumina to make metagenomic libraries.

Sample ID

Primer 1

17005AG

Index 2

17006AG

Index 4

17002CG

Index 5

18007AG

Index 6

18007BG

Index 7

LUC18007CG

Index 12

Primer 1 Sequence
5´CAAGCAGAAGACGGCATACGAGATACATCGGTGACTG
GAGTTCAGACGTGTGCTCTTCCGATC-s-T-3´
5´CAAGCAGAAGACGGCATACGAGATTGGTCAGTGACTG
GAGTTCAGACGTGTGCTCTTCCGATC-s-T-3´
5´CAAGCAGAAGACGGCATACGAGATCACTGTGTGACTG
GAGTTCAGACGTGTGCTCTTCCGATC-s-T-3´
5´CAAGCAGAAGACGGCATACGAGATATTGGCGTGACTG
GAGTTCAGACGTGTGCTCTTCCGATC-s-T-3´
5´CAAGCAGAAGACGGCATACGAGATGATCTGGTGACTG
GAGTTCAGACGTGTGCTCTTCCGATC-s-T-3´
5´CAAGCAGAAGACGGCATACGAGATTACAAGGTGACTG
GAGTTCAGACGTGTGCTCTTCCGATC-s-T-3

Primer 1
Expected
Read

Primer 2

ATCACG

Universal

TGACCA

Universal

ACAGTG

Universal

GCCAAT

Universal

CAGATC

Universal

CTTGTA

Universal

Trimming, Assembling, Binning MAGs
Sequenced metagenome libraries were first trimmed by using the tools Cutadapt
(version 1.12) and Sickle (version 1.33) 23. Cutadapt finds and removes adapter
sequences, primers, poly-A tails and other types of unwanted sequence from your highthroughput sequencing reads. Sickle uses quality and length thresholds to determine and
trim low-quality bases at both 3’ end and 5’ end of the reads. Trimmed sequences were
then assembled using metaSPAdes 54. Binning of assembled sequences into MAGs were
then performed by Bowtie2 (version 4.8.2), samtools (version 1.7), and metabat2 (version
0.32.5) 55–57. Bowtie2 is an ultrafast, memory-efficient short read aligner geared toward
quickly aligning large sets of short DNA sequences (reads) to large genomes 55. Samtools
imports from and exports to the SAM (Sequence Alignment/Map) format, does sorting,
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merging and indexing, and allows the retrieval of reads in any regions swiftly 56.
Metabat2 an automated metagenome binning software tool to reconstruct single genomes
from microbial communities for subsequent analyses of uncultivated microbial species 57.
Lastly, CheckM (version 1.0.16) was used to assess the quality of genomes recovered
from isolates, single cells, or metagenomes 58.

Completeness and Contamination of MAGs
MAGs were compared using the programs dRep (version 2.6.2) with CheckM and
anvi’o (version 5) 59,60,61. DRep is a python program used on large numbers of genomes
and the option “de-replicate” was used for the MAGs 59. The option “dereplicate”
identifies groups belong to very similar genomes and it chooses the best representative
genome for each genome set. During the de-replication process, CheckM also analyzed
the MAGs for completeness and contamination 61. Using anvi’o, the command anviestimate-genome-completeness was utilized to analyze the completeness and redundancy
(contamination) of all MAGs 60. The completeness and contamination/redundancy results
from dRep and anvi’o were combined into one table to compare the results generated
from the two programs.
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Phylogenomic and 16S rRNA gene phylogenetic analyses
The program PhyloPhlAn was used to create a phylogenomic tree (version 3.0.60)
62

. PhyloPhlAn is an integrated pipeline for large-scale phylogenetic profiling of genomes

and metagenomes. The reference sample used to create the config file was the outgroup
Desulfurobacterium thermolithotrophum. PhyloPhlAn analyzed 400 different markers
against the samples. The concatenated amino acid file from PhyloPhlAn was aligned in
MEGAX version 10.2.5 using ClustalW and a new MEGA file was created 63. The
MEGA file was used to create a maximum likelihood tree for amino acids with the
following settings: 500 bootstrap replications, Jones-Taylor-Thornton mode, Gamma
distribution with 5 rate categories and partial deletion with a site coverage cutoff of 95
percent. The 16S rRNA gene tree was created in anvi’o from the gene sets
Bacterial_16S_rRNA and Archael_16S_rRNA, which contained the symbiont 16S rRNA
genes 60. The 16S tree was aligned in MEGA 10.2.5 using ClustalW and a maximum
likelihood tree was created for amino acids with 500 bootstrap replications, Jones-TaylorThornton mode, and Gamma distribution with 5 rate categories and partial deletion with a
site coverage cutoff of 95 percent. 63. The evolutionary distance between and within
groups from the 16S rRNA gene tree was determined in MEGAX. The model used was
Jones-Taylor Thornton mode, 500 bootstrap replications, Gamma distribution with 5 rate
categories and partial deletion with a site coverage cutoff of 95 percent. The models for
both trees were determined by the Model Selection analysis in MEGAX. Known samples
from NCBI were added after the files were created in anvi’o and PhyloPhlAn. Accession
numbers for all NCBI samples can be found in Table 2.
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Table 2. NCBI Accession numbers for known symbionts used in this study.
NCBI Names 16S rRNA
gene Tree
Desulfurobacterium
thermolithotrophum
Codakia orbicularis gill
symbiont
Ctena orbiculata gill
symbiont OTU4
Gloverina rectangularis
gill symbiont
Myrtea tanimbarensis gill
symbiont
Lucina nassula gill
symbiont
Myrtea flabelliformis gill
symbiont
Cardiolucina quadrata gill
symbiont
Codakia costata gill
symbiont
Stewartia floridana gill
symbiont
Dulcina sp. gill symbiont
Lucinoma aequizonata
gill symbiont
Phacoides pectinatus gill
symbtiont
Thyasira flexuosa gill
symbiont
Anodontia phillipiana gill
symbiont

NCBI ID

NCBI Names Phylogenomic Tree

NCBI ID

NR_075040

Desulfurobacterium thermolithotrophum DSM 11699

NC_015185.1

M99447

Thiothrix nivea DSM 5205

AJUL00000000.1

KY687501

Solemya velum gill symbiont strain WH

JRAA00000000.1

FN869545

Endosymbiont of Riftia pachyptila (vent Ph05)

AFOC00000000.1

FN869533

Endosymbiont of Ridgeia piscesae isolate ind10,12,13,14,15

LMXI00000000.1

X95229

Endosymbiont of Tevnia jerichonana (vent Tica)

AFZB00000000.1

FN869544

Sedimenticola thiotaurini strain SIP-G1

CP011412.1

FN869540

Sedimenticola selenatireducens DSM 17993

ATZE00000000.1

L25712

Candidatus Sedimenticola endophacoides isolate N1_N3_P5

PQCP00000000.1

L25707

Thiocapsa marina 5811

AFWV00000000.1

FN869536

Allochromatium vinosum DSM 180

NC_013851.1

M99448

Marichromatium purpuratum 984 chromosome

NZ_CP007031.1

X84980

Candidatus Ruthia magnifica UCD-CM

JARW00000000.1

L01575

Candidatus Vesicomyosocius okutanii,

NC_009465.1

L25711

Bathymodiolus azoricus thioautotrophic gill symbiont strain BazSymB

CVUD00000000.2

Bathymodiolus thermophilus thioautotrophic gill symbiont strain BAT/CrabSpa'14

MIQH00000000.1

Endosymbiont of Bathymodiolus septemdierum str. Myojin knoll isolate

NZ_AP013042.1
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Microbial Pangenomics
Genome and pangenome database (.db) files were created using anvi’o (version 5)
for pangenome analysis. An external genomes file was first created which contained all
of the sample names and the sample names plus the extension “.db” 64. The external
genomes file was then used to create a genome storage file, which was used to create a
pangenome file using NCBI BLAST, specially blastp 65. The genome storage and
pangenome files were used to display an interactive pangenome on a local server. Anvi’o
created a circle phylogram. Items were then ordered by presence or absence and layers
were ordered by gene cluster frequencies (tree), which created a Newick tree. Samples
were colored based on how phylogenetically similar they were to each other according to
the generated Newick tree 64. The main annotation source used was KeggGhostKoala
(version 2.2) 66.

KEGG Functions
To create the KEGG function table, an additional file with information on what
group (species) the sample belonged to, was imported in the pangenome file that was
used to create the genome storage file. Then using anvi’o, a table was created for the
functional annotation source KeggGhostKoala6466. Since MAGs are not complete
genomes, only functions found in at least fifty percent of samples for each specific group
(species) were used in further analyses. The column “occurrence_in_group” was used to
determine if functions were found in at least fifty percent of that group (species). For
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example, Group1 (Ca Thiodiazotropha endoloripes group 1) had a total of nine samples
so any function with five or more samples was considered for future analyses.
Venn diagrams were created using the program Venny (version 2.1.0) for the core
functional genes in each species and subspecies 67. Functional genes found in all MAGs
from the same species/subspecies (core genes) were imported into Venny. Venny was
used to compare the three species and three subspecies within the two specific species:
Ca. Thiodiazotropha endolucinida group 1 and Ca. Thiodiazotropha endolucinida group 2
67

. The relative percentages for each function in the top 35 table were calculated for each

species by dividing the number of genes belonging to that specific function by the total
amount of genes for that species. In Microsoft Excel®, a table was created for the major
subsystems using the information from the KEGG table generated in anvi’o. The major
subsystems included in the table are sulfate metabolism, nitrogen metabolism, cellular
structures and motility, defense, vitamins, and amino acid metabolism. Functional genes
were chosen based on their importance or if the gene was unique to only subspecies. A
cluster column chart comparing KEGG Category 2 core, accessory and unique genes was
generated in Microsoft Excel®. Core genes are defined as being found in all species;
accessory genes are defined as being found in two of the three species; and unique genes
are defined as being found in only one of the three species. The relative percentage was
calculated by dividing the number of genes in that specific KEGG category by the total
number of genes in all categories for that specific species.
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Average Nucleotide Identity (ANI) and Average Amino Acid Identity (AAI)
Average Nucleotide Identity (ANI) and Average Amino Acid Identity (AAI) were
analyzed by the genome-based distance matrix calculator program (Enveomics Collection
commit 2b2ae6c, http://enve-omics.ce.gatech.edu/g-matrix/) online, available through the
Konstantinidis’ Lab at Georgia Institute of Technology 68. Input files were either
nucleotide or amino acid FASTA files combined into one zip file for each MAG. The
matrices were visualized with heatmaps that were created in R using the package
“heatmaply.”

Amplicon Sequence Variant (ASV) Table
Samples for 16S rRNA gene amplicon analysis were collected from the Bahamas
in 2018, extracted, amplified, and sequenced previously. An ASV table was created
using Qiime2 (version 2019.10) 69. First, paired-end sequences were denoised,
dereplicated, filtered for chimeras. Low abundance features were then removed as well as
other features that appeared less than ten times. A collection of diversity metrics and
taxonomic levels were added to the biom table. Genus level taxonomic classifications
were added to make a table to use for analyses in BiodiversityR in R (version 4.0.3) 70.
The top three ASVs were determined based on the top ASV abundance for each
individual sample. The ASV diversity stacked column bar chart was created in Microsoft
Excel® and ASV percentages were calculated by dividing the number of samples with
that specific ASV by the total amount of samples in that specific location/environment.
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Beta Diversity
NMDS plots were created in R using the package “BiodiversityR” 70. The files
that were uploaded to R were based on the ASV table results using Qiime2. The
community matrix file was transformed with the chi-square method. To analyze the
ecological distance, the option “unconstrained ordination” was chosen. The ordination
method was “metaMDS” (NMDS) and the distance was “bray” (Bray-Curtis). The plot
method was “ggplot (ordisymbol1)” and the plot variable was either location or
environment. Samples corresponding OTU numbers, based on Qiime2, were circled after
plots were created.

Prophages
All MAGs were uploaded to PHAge Search Tool Enhanced Release (PHASTER)
in FASTA format71. PHASTER is a web interface that identifies and annotates prophage
sequences within bacterial genomes and plasmids. The PHASTER data analysis returns
the likely type of prophage based on BLAST, the type of component/protein the prophage
is, the location on the contig, the intact score, and the amino acid sequences of the
prophages71. First, a matrix was created that showed the abundance of prophage species
in each MAG based on the analyses from PHASTER. A heatmap was created in R using
the package “heatmaply” which displayed the abundance of prophage component species,
the location, and subspecies for each MAG72. A dendrogram was added for the columns
(prophages). The colors for the subspecies in the “Row annotation” legend are related to
the corresponding species.

24

Horizontal Gene Transfer
A pipeline called MetaCHIP (version 1.10.3) (“Meta” for “metagenomics”,
“CHIP” for “Community-level HGT Identification Pipeline”) was used to determine
horizontal gene transfer among the samples. MetaCHIP detects horizontal gene transfer
from microbial community data with various degrees of genetic divergences 73.
MetaCHIP uses Prodigal to predict open reading frames (ORFs) and then BLASTN is
used on the ORFs. After filtering there are several steps that MetaCHIP uses to compare
groups of genome and these comparisons determine if the gene could be a potential
candidate for HGT73. The functional software tool Prokka was used with the COG
(Clusters of Orthologous Groups of proteins) database to determine the functions of the
MetaCHIP gene transfer results 74,75. Circlize (version 0.4.12) in R (version 4.0.5) was
used to visualize combined MetaCHIP and Prokka results 76.

qPCR Standards for Gene Expression
Specific forward and reverse primers for the genes rbcL (large subunit of
RuBisCO), ccoN1 (cbb3), sqr (Sqr), nifH (NifH), and rpoD were created using
alignments of the genes from ASV1 samples (17002BG, 17002EG, 17004DG, 17004EG,
17005CG, 17005EG, 17005JG , 17006AG, 17006HG, 17006IG, 18007AG, 18007CG) in
MEGAX software (Table 3) and used in PCR reactions with two specific DNA gill
samples: 17004DG and 17005AG. The amplified gene fragment was ligated into the
TOPO TA Cloning kit (Thermo Fisher Scientific, Waltham, MA, USA) followed by
transformation into One Shot® DH5α™-T1R, TOP10, and TOP10F competent cells
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(Thermo Fisher Scientific, Waltham, MA, USA), plated on Luria-Bertani (LB)
broth/ampicillin plates and incubated at 37 °C for 24 hours. Colonies were amplified by
colony PCR (touching the colony with a sterile pipet tip and with an initial denaturation
step of 5 minutes at 95 °C) with universal M13 forward and reverse primers targeting
binding sites within the vector. PCR reactions were performed as follows: 95 °C for 5
minutes; 95 °C for 30 seconds; 55 °C for 30 seconds; 72 °C for 1 minute 30 seconds;
(these steps 25 times total); and 72 °C for 5 minutes, and amplicons were run and imaged
on a 1% (wt/vol) agarose gel. Plasmids were extracted from liquid broth using the
QIAprep Spin Miniprep Kit (Qiagen, Valencia, CA, USA). Plasmids were then subjected
to restriction enzyme digestion by HindIII. Plasmids were serially diluted before qPCR
amplification from 106-100. All qPCR amplifications were carried out in the C1000
Touch™ Thermal Cycler (Bio-Rad Laboratories) using the indicated annealing
temperatures in Table 3. Standard curves were generated for each gene and all copy
numbers were normalized to the gene rpoD. The efficiencies of the standard curves were
118% for ccoN1; 87.4% for rbcL; 99.3% for nifH; and 99.9% for rpoD.

26

Table 3. Primers used for rbcL (RuBisCO), ccoN1 (cbb3), sqr6, nifH, and rpoD and their
corresponding annealing temperature.
Primer
rpoD_1369F
rpoD_1484R
cbb3_ccoN1_526F
cbb3_ccoN1_763R
Sqr6_659F
Sqr6_813R
RuBisCO_679F
RuBisCO_924R
nifH1_006F
nifH1_172R

Sequence
GAACGCATGATYGAGACSATCAACAA
ATCTTGTCTTCCGGCATNTCCAT
YGTGGTCAACAGCCTGGCT
CCAGCCATACGTARCCGAACAT
AGATGGTGAAGTTCACCGAGACC
GTTGACGTCTGCCTTGATCAGG
CGCAARGGTCACTACCTGAACGT
CTTGGTCAGYACRCGGAAGTGGAT
ACTGCGTCAATGTGCAATCTACGG
CTCGGCRGCCATCTCCATGAT

Annealing
Temperature (°C)
58.5
57.5
60.2
58.3
58.6
58
60.2
61
59.7
60.7

cDNA Synthesis and RT-qPCR
cDNA was synthesized from DNase treated gill samples using the High-Capacity cDNA
Reverse Transcription Kit (Applied Biosystems, Foster City, CA, USA) and SuperScript™ III or
IV Reverse Transcriptase (Thermo Fisher Scientific, Waltham, MA, USA). cDNA was amplified
by qPCR with the same conditions as the gene standard curves. cDNA standard curves were
compared to each gene standard curves to determine the number of transcripts of each gene in the
samples.
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CHAPTER FOUR
RESULTS
MAG Characteristics
Characteristics of each MAG were assessed prior to any further analyses.
Completeness and contamination were utilized to determine the quality of the 46
generated MAGs generated in this study. There were 31 samples from the Bahamas and
13 samples from Florida. A p-value value of 0.05 showed that the number of samples was
statistically different from the Bahamas and Florida. The range of percent completeness
of the MAGs as determined by anvi’o 64 and CheckM 61 was 60 to 100 and 90 to 100,
respectively (Table 4). The percent contamination (redundancy) of the MAGs ranged
from 1 to 4 (anvi’o) and 1 to 3 (CheckM). The average completeness was 96% (anvi’o)
and 98% (CheckM). The average contamination (redundancy) was 0.5 (anvi’o and
CheckM). The MAGs with the lowest percent completion were Pain_Ctena_1 (anvi’o)
and Graham_Lucina_3 (CheckM). The MAGs with the highest percent completion were
Crescent_Ctena_6 (anvi’o) and Cedar_Lucina_4 (CheckM). The MAGs with the lowest
percent contamination (redundancy) were Pigeon_Codakia_2 (anvi’o) and
Graham_Lucina_1 (CheckM). The MAG with the highest percent contamination
(redundancy) was Crescent_Ctena_6 (anvi’o and CheckM). The average total length of
the MAGs was 4,423,337 bp; GC content was ~54%; number of contigs was 118; and
N50 was 129,296 bp.
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Table 4: MAG Comparisons Among Samples
MAGs were named based on the location they were collected and the host of the samples.
The number after the name is to differentiate it from the other MAGs. NCBI accession
numbers are listed, however, some genome accession numbers are still processing on
NCBI. Genome information includes the subspecies from this study, total length, number
of contigs, and GC content percent as well as estimated completeness and contamination
(redundancy). The sample Bahamas_Ctena_Lucina_1 is a combination of all samples
previously classified as OTU4 so it does not have accession numbers and some other
information.
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Sample

BioProject no.
MIMAG
BioSample no.
SRA no
Genome no.

Graham_Codakia_2

PRJNA481370
SAMN09666085
SRR14371681
JAHHFV000000000

Graham_Codakia_3

PRJNA481370
SAMN09666087
SRR14371683
JAHHFW000000000

Graham_Codakia_4

Main Location
Specific Location
Host

Organism (Subspecies)

Total
Length

Num
Contigs

N50

GC
Content
%

Completeness
_anvi'o (%)

Redundancy
_anvi'o (%)

Completeness
_checkM (%)

Contamination_
checkM (%)

Ca. Thiodiazotropha
endolucinida group2_3

4305197

168

43393

58

88.73

2.82

99.12

1.74

Bahamas
Graham’s Harbor
Codakia
orbicularis

Ca. Thiodiazotropha
endolucinida group2_3

4361003

158

57300

58

98.59

1.41

99.07

1.97

PRJNA481370
SAMN09666088
SRR14371684
JAHHFX000000000

Bahamas
Graham’s Harbor
Codakia
orbicularis

Ca. Thiodiazotropha
endolucinida group2_3

4437706

102

73991

58

98.59

1.41

98.55

2.21

Graham_Codakia_1

PRJNA481370
SAMN09666089
SRR14371685
JAHHFY000000000

Bahamas
Graham’s Harbor
Codakia
orbicularis

Ca. Thiodiazotropha
endolucinida group1_3

4046887

207

29118

53

98.59

2.82

98.72

2.09

Graham_Lucina_1

PRJNA481370
SAMN09666091
SRR14371687
JAHHFZ000000000

Bahamas
Graham’s Harbor
Lucina aurantia

Ca. Thiodiazotropha
endolucinida group1_3

4505018

68

102365

52

98.59

4.23

99.07

1.05

Graham_Clathrolucina_
1

PRJNA481370
SAMN09666093
SRR14371689
JAHHGA000000000

Bahamas
Graham’s Harbor
Clathrolucina
costata

Ca. Thiodiazotropha
endolucinida group1_3

4428069

52

136552

53

98.59

2.82

98.55

2.09

Graham_Lucina_2

PRJNA481370
SAMN09666099
SRR14371696
JAHHGB000000000

Bahamas
Graham’s Harbor
Lucina aurantia

Ca. Thiodiazotropha
endolucinida group1_3

4412341

38

225747

52

98.59

2.82

98.49

1.39

Graham_Lucina_3

PRJNA481370
SAMN09666101
SRR14371698
JAHHGC000000000

Bahamas
Graham’s Harbor
Lucina aurantia

Ca. Thiodiazotropha
endolucinida group1_3

4450786

78

109792

52

95.77

2.82

92.49

2.21

Bahamas
Graham’s Harbor
Codakia
orbicularis

30

Pigeon_Lucina_1

PRJNA715937
SAMN09666116
SRR14371674
JAHHGD000000000

Bahamas
Pigeon Creek
Lucina aurantia

Ca. Thiodiazotropha
endolucinida group1_3

4406091

54

142245

52

95.77

2.82

99.42

1.74

Pigeon_Ctena_1

PRJNA715937
SAMN09666117
SRR14371675
JAHHGE000000000

Bahamas
Pigeon Creek
Ctena orbiculata

Ca. Thiodiazotropha
endolucinida group1_2

4362511

48

216204

52

94.37

1.41

94.43

2.9

Crescent_Ctena_1

PRJNA481370
SAMN09666119
SRR14371679
JAHHGF000000000

Bahamas
Crescent Pond
Ctena orbiculata

Ca. Thiodiazotropha
endolucinida group2_1

4340302

22

262102

56

98.59

2.82

99.42

2.11

Crescent_Ctena_2

PRJNA481370
SAMN09666121
SRR14371701
JAHHGG000000000

Bahamas
Crescent Pond
Ctena orbiculata

Ca. Thiodiazotropha
endolucinida group2_1

4386901

19

305643

55

98.59

2.82

99.42

1.74

Crescent_Ctena_3

PRJNA481370
SAMN09666123
SRR14371713
JAHHGH000000000

Bahamas
Crescent Pond
Ctena orbiculata

Ca. Thiodiazotropha
endolucinida group2_2

4450112

33

195291

55

98.59

2.82

99.07

1.74

Graham_Clathrolucina_
2

PRJNA481370
SAMN09666103
SRR14371700
JAHHGI000000000

Bahamas
Graham’s Harbor
Clathrolucina
costata

Ca. Thiodiazotropha
endolucinida group1_3

4486893

48

149859

52

98.59

2.82

99.07

1.39

Graham_Lucina_4

PRJNA481370
SAMN09666105
SRR14371703
JAHHGJ000000000

Bahamas
Graham’s Harbor
Lucina aurantia

Ca. Thiodiazotropha
endolucinida group1_2

4483435

61

106322

52

98.59

2.82

99.42

1.74

Moon_Ctena_2

PRJNA481370
SAMN09666108
SRR14371706
JAHHGK000000000

Bahamas
Moon Pond
Ctena orbiculata

Ca. Thiodiazotropha
endolucinida group2_2

4447556

35

202427

55

98.59

2.82

99.42

1.74

Moon_Ctena_3

PRJNA481370
SAMN09666109
SRR14371707
JAHHGL000000000

Bahamas
Moon Pond
Ctena orbiculata

Ca. Thiodiazotropha
endolucinida group2_2

4445076

35

185766

55

98.59

2.82

99.42

1.74

31

Moon_Ctena_4

PRJNA481370
SAMN09666111
SRR14371709
JAHHGM00000000
0

Bahamas
Moon Pond
Ctena orbiculata

Ca. Thiodiazotropha
endolucinida group2_1

4376528

36

231623

56

98.59

2.82

99.59

1.57

Fetovaia_Loripes_1

PRJNA314435
SAMN04574144
NA
NZ_LVJZ00000000

Italy
Bay of Fetovaia,
Elba
Loripes lucinalis

Ca Thiodiazotropha
endoloripes group 1

4881416

27

476413

52

98.59

2.82

99.07

1.74

French_West_Indies_C
odakia_1

PRJNA284177
SAMN03435122
NA
NZ_MARB0100000
0

Guadeloupe
French West
Indies, Caribbean
Codakia
orbicularis

Ca. Thiodiazotropha
endolucinida group1_3

4489993

55

164003

53

98.59

2.82

99.07

1.74

Cedar_Lucina_1

PRJNA715937
SAMN19677590
SRR14821327
Processing

Florida
Cedar Key
Lucina nassula

Ca Thiodiazotropha
endoloripes group 1

4594309

206

33429

52

98.59

2.82

98.07

1.85

Cedar_Lucina_2

PRJNA715937
SAMN19677591
SRR14821326
Processing

Florida
Cedar Key
Lucina nassula

Ca. Thiodiazotropha
endolucinida group1_1

4631488

140

58791

52

98.59

2.82

99.07

1.59

Cedar_Lucina_3

PRJNA715937
SAMN19677592
SRR14821325
Processing

Florida
Cedar Key
Lucina nassula

Ca. Thiodiazotropha
endolucinida group1_1

4554635

530

13249

52

98.59

2.82

96.89

2.65

Cedar_Lucina_4

PRJNA715937
SAMN19677593
SRR14821324
Processing

Florida
Cedar Key
Lucina nassula

Ca Thiodiazotropha
endoloripes group 1

4480200

160

55646

52

98.59

2.82

99.59

1.7

Cedar_Lucina_5

PRJNA715937
SAMN19677594
SRR14821323
Processing

Florida
Cedar Key
Lucina nassula

Ca Thiodiazotropha
endoloripes group 1

4449400

95

71945

52

98.59

2.82

98.9

2.69

Sammy_Ctena_3

PRJNA377790
SAMN06472904
SRR5873719
NATT00000000

Florida
Sammy Creek
Ctena orbiculata

Ca. Thiodiazotropha
endolucinida group2_1

3913665

350

15991

56

98.59

2.82

99.25

1.95

32

Sammy_Ctena_4

PRJNA377790
SAMN08891717
SRR5873736
QBVC01000000

Florida
Sammy Creek
Ctena orbiculata

Ca. Thiodiazotropha
endolucinida group2_3

4531345

51

139078

57

97.18

2.82

94.32

2.9

Sammy_Ctena_1

PRJNA377790
SAMN08891716
SRR7235725
QBVD01000000

Florida
Sammy Creek
Ctena orbiculata

Ca. Thiodiazotropha
endolucinida group1_1

4740110

112

90005

52

98.59

2.82

99.07

1.39

Sammy_Ctena_5

PRJNA377790
SAMN06472902
SRR5872873
NATS01000000

Florida
Sammy Creek
Ctena orbiculata

Ca. Thiodiazotropha
endolucinida group2_1

3990437

235

25657

56

92.96

2.82

98.37

1.74

Sammy_Ctena_6

PRJNA377790
SAMN06473049
SRR5872872 and
SRR5872871

Florida
Sammy Creek
Ctena orbiculata

Ca. Thiodiazotropha
endolucinida group2_3

4068818

193

34074

53

95.77

2.82

96.74

2.15

Sammy_Ctena_7

PRJNA377790
SAMN08891717
SRR7229174
NATW01000000

Florida
Sammy Creek
Ctena orbiculata

Ca. Thiodiazotropha
endolucinida group2_3

4531345

51

139078

57

98.59

2.82

97.68

2.48

Sammy_Ctena_2

PRJNA377790
SAMN08891716
SRR7229177
QBVD01000000

Florida
Sammy Creek
Ctena orbiculata

Ca. Thiodiazotropha
endolucinida group1_1

4740110

112

90005

52

98.59

2.82

99.25

1.95

Crescent_Ctena_4

PRJNA715937
SAMN18699950
SRR14424634
Processing

Bahamas
Crescent Pond
Ctena orbiculata

Ca Thiodiazotropha
endoloripes group 1

4129766

104

62721

53

98.59

2.82

98.9

2.79

Crescent_Ctena_5

PRJNA715937
SAMN18699951
SRR14424633
JAHRHO000000000

Bahamas
Crescent Pond
Ctena orbiculata

Ca. Thiodiazotropha
endolucinida group2_2

4413247

53

150468

55

98.59

2.82

99.07

1.74

Crescent_Ctena_6

PRJNA715937
SAMN18699954
SRR14424600
JAHRHP000000000

Bahamas
Crescent Pond
Ctena orbiculata

Ca. Thiodiazotropha
endolucinida group2_1

4533646

21

341594

55

98.59

4.23

99.42

3.14
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Crescent_Ctena_7

PRJNA715937
SAMN18699955
SRR14424589
JAHRHQ000000000

Bahamas
Crescent Pond
Ctena orbiculata

Ca. Thiodiazotropha
endolucinida group1_3

4438374

61

108653

52

98.59

2.82

98.03

2.09

Moon_Ctena_1

PRJNA715937
SAMN18699963
SRR14424629
JAHRHR000000000

Bahamas
Moon Pond
Ctena orbiculata

Ca. Thiodiazotropha
endolucinida group2_2

4805498

126

198394

54

98.59

2.82

99.42

2.79

Pigeon_Lucina_2

PRJNA715937
SAMN18699986
SRR14424604
JAHRHS000000000

Bahamas
Pigeon Creek
Lucina aurantia

Ca. Thiodiazotropha
endolucinida group1_2

4491026

49

190018

52

98.59

2.82

98.72

1.39

Pigeon_Lucina_3

PRJNA377790
SAMN18699988
SRR14424602
JAHRHT000000000

Bahamas
Pigeon Creek
Lucina aurantia

Ca. Thiodiazotropha
endolucinida group1_2

4483620

53

154446

52

98.59

2.82

99.07

1.39

Pigeon_Codakia_2

PRJNA715937
SAMN18699990
SRR14424599
JAHRHU000000000

Bahamas
Pigeon Creek
Codakia
orbicularis

Ca. Thiodiazotropha
endolucinida group2_3

4328443

398

17553

58

98.59

2.82

99.07

1.39

Pigeon_Codakia_1

PRJNA715937
SAMN18699991
SRR14424598
JAHRHV000000000

Bahamas
Pigeon Creek
Codakia
orbicularis

Ca. Thiodiazotropha
endolucinida group1_2

4474640

85

89606

52

60.56

2.82

93.78

2.61

Pain_Ctena_1

PRJNA715937
SAMN18700004
SRR14424584
JAHRHW00000000
0

Bahamas
Pain Pond
Ctena orbiculata

Ca Thiodiazotropha
endoloripes group 1

4230234

525

10155

52

94.37

2.82

97.97

1.9

Bokeelia_Stewartia_1

PRJNA451498
SAMN06473052
SRX3040873
NATY01000000

Florida
Bokeelia Pier
Stewartia floridana

Ca Thiodiazotropha
endoloripes group 1

4184297

161

38282

53

88.73

2.82

95.5

1.24

Bokeelia_Stewartia_2

PRJNA451498
SAMN06473053
SRX3040874
NATZ01000000

Florida
Bokeelia Pier
Stewartia floridana

Ca Thiodiazotropha
endoloripes group 1

4494832

58

99346

53

92.96

2.82

98.9

1.06
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Bokeelia_Stewartia_3

PRJNA451498
SAMN06473055
SRX3040872
NAUB01000000

Florida
Bokeelia Pier
Stewartia floridana

Ca Thiodiazotropha
endoloripes group 1

4551902

36

234676

53

92.96

2.82

98.9

1.06

Bahamas_Ctena_
Lucina_1

NA

Bahamas
Ctena orbiculata &
Lucina nassula

Ca. Thiodiazotropha
endolucinida group1_2

4184297

117

68608

NA

92.96

2.82

98.37

1.74
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Diversity Analyses
Average Nucleotide Identity (ANI) and Average Amino Acid Identity (AAI)
I used a variety of methods to determine the diversity of the MAGs recovered
from the Bahamas and to compare them to previously identified MAGs from Florida 18,23.
First, I used ANI and AAI to identify the similarity of MAGs to each other and
previously published MAGs, where genomes that have an ANI or AAI of 95% indicates
they are within the same species 77,78. Besides the 34 MAGs in this study, I also included
previously published symbiont MAGs from other labs: Fetovaia_Loripes_1 (Candidatus
Thiodiazotropha endoloripes) and French_West_Indies_Codakia_1 (Candidatus
Thiodiazotropha endolucinida) 22,79. Also included are previously published symbionts
from our lab: Sammy_Ctena 1-7 and Bokeelia_Stewartia 1-3 18,23. Both AAI and ANI
clustered the MAGs into three distinct groups and five subgroups (Figure 3). The main
groups were grouped based on an AAI value of ~95 and the subgroups were grouped
based on an AAI value greater than 95 80. Groups and subgroups were named based off
their similarity to the two known symbionts, Fetovaia_Loripes_1 (Candidatus
Thiodiazotropha endoloripes) and French_West_Indies_Codakia_1 (Candidatus
Thiodiazotropha endolucinida) 22,79. According to the AAI results (Figure 3B) AAI Group
1 is the species Thiodiazotropha endoloripes group 1 (mint green); Group 2 is the species
Thiodiazotropha endolucinida group 1 (red, purple, and blue); and Group 3 is the species
Thiodiazotropha endolucinida group 2 (yellow, orange, and green). Subspecies for
Thiodiazotropha endolucinida group 1 are: Ca. Thiodiazotropha endolucinida group 1_1
(blue); Ca. Thiodiazotropha endolucinida group 1_2 (purple); and Ca. Thiodiazotropha

36

endolucinida group 1_3 (red). Subspecies for Thiodiazotropha endolucinida group 2 are
Ca. Thiodiazotropha endolucinida group 2_1 (orange); Ca. Thiodiazotropha endolucinida
group 2_2 (green); and Ca. Thiodiazotropha endolucinida group 2_3 (yellow).

A
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B

Figure 3: Average nucleotide and amino acid identity pairwise comparison matrices of
lucinid endosymbiont genomes. (A) Average nucleotide identity matrix comparison. (B)
Average amino acid identity matrix comparison. MAGs from Bahamas and Florida
endosymbionts were named based on the location they were collected and the host. The
number after the name is a unique identifier to differentiate it from the other MAGs. The
“T.” is an abbreviation for Thiodiazotropha. Included are previously published symbionts
from other labs: Fetovaia_Loripes_1 (Candidatus Thiodiazotropha endoloripes) and
French_West_Indies_Codakia_1 (Candidatus Thiodiazotropha endolucinida)22,79. Also
included are previously published symbionts from our lab: Sammy_Ctena 1-7 and
Bokeelia_Stewartia 1-318,23. These new names are also found in Table 4 under “Organism
(Subspecies)” and will be used in all subsequent figures. Colors match those in Figure 7.
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Phylogenetic diversity of Florida and Bahamas endosymbionts
In addition to ANI and AAI, phylogenetic diversity was used to determine the
evolutionary relationships of the symbionts, which could help understand the relatedness
of these symbionts to each other and known symbionts. I used the 16S rRNA gene to
compare the phylogeny of most recovered MAGs to a wide range of Clade A symbionts
that were previously identified. I then used a phylogenomic approach which assessed
phylogenetic diversity of 400 genes within the genomes for increased sensitivity. A 16S
rRNA gene was found in 44 out of 46 MAGs (96%). The 16S rRNA gene tree (Figure
4A) shows three distinct groups for the MAGs from Florida and the Bahamas. The
evolutionary distance (number of nucleotide substitutions) for the three main groups in
the 16S rRNA gene tree was calculated between groups and within the same group. The
evolutionary distance within group Ca. Thiodiazotropha endoloripes group 1 was ~0.01,
group Ca. Thiodiazotropha endolucinida group 2 was ~0.004 and group Ca.
Thiodiazotropha endolucinida group 1 was ~0.003. The evolutionary distance between
groups Ca. Thiodiazotropha endolucinida group 2 and Ca Thiodiazotropha endoloripes
group 1; and Ca. Thiodiazotropha endolucinida group 2 and Ca. Thiodiazotropha
endolucinida group 1 were about the same (~0.03). The evolutionary distance between
groups Ca. Thiodiazotropha endolucinida group 1 and Ca Thiodiazotropha endoloripes
group 1 was ~0.04.
The phylogenomic tree (Figure 4B) showed three main groups with two or three
subgroups in each main group. The evolutionary distance (number of amino acid
substitutions) for the three main groups in the phylogenomic gene tree was calculated
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between groups and within the same group. The evolutionary distance within group Ca.
Thiodiazotropha endolucinida group 2 was ~0.08; group Ca. Thiodiazotropha
endolucinida group 1 was ~0.06; and group Ca. Thiodiazotropha endoloripes group 1 was
~0.3. The evolutionary distance between groups Ca. Thiodiazotropha endolucinida group
1 and Ca. Thiodiazotropha endoloripes group 1; and Ca. Thiodiazotropha endolucinida
group 2 and Ca. Thiodiazotropha endoloripes group 1 were about the same (~0.4). The
evolutionary distance between Ca. Thiodiazotropha endolucinida group 1 and Ca.
Thiodiazotropha endolucinida group 2 was ~0.2. Most symbionts clustered based on the
main locations the Bahamas and Florida in both trees. The symbionts from specific
locations in the Bahamas, such as Crescent Pond, clustered more in the phylogenomic
tree than the 16S rRNA gene tree. The Fetovaia_Loripes_1 (Ca Thiodiazotropha
endoloripes) symbiont was most closely related to the Bokeelia (Florida) Stewartia
samples in the 16S rRNA gene tree, while the phylogenomic tree showed that the
symbiont Fetovaia_Loripes_1 was more similar to samples collected from Pigeon Creek.
The French_West_Indies_Codakia_1 (Candidatus Thiodiazotropha endolucinida)
symbiont was more closely related to samples collected from the Bahamas in both trees.
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B

A

Ca. Thiodiazotropha
endolucinida group 1

Ca. Thiodiazotropha
endolucinida group 2

Ca Thiodiazotropha
endoloripes group 1

Ca. Thiodiazotropha
endolucinida group 1
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Ca. Thiodiazotropha
endolucinida group 2

Ca Thiodiazotropha
endoloripes group 1

Figure 4: 16S rRNA gene and phylogenomic maximum likelihood trees. Trees were
based on the 16S rRNA gene sequence with 380 positions (A) and phylogenomic tree
based on 400 marker genes and 6309 positions (B). 16S rRNA genes were not found in
two samples: Graham_Codakia_2 and Graham_Codakia_1. The mode to generate both
trees was the Jones-Taylor-Thornton mode, Gamma distribution with 5 rate categories
and partial deletion with a site coverage cutoff of 95 percent. The outgroup used in both
trees was Desulfurobacterium thermolithotrophum from phylum Aquificae. Tree nodes
show bootstrap values of >50%. The scale bars indicate the number of substitutions per
site. Included are previously published lucinid endosymbionts from other labs :
Fetovaia_Loripes_1 (Candidatus Thiodiazotropha endoloripes) and
French_West_Indies_Codakia_1 (Candidatus Thiodiazotropha endolucinida)22,79 (bolded
and highlighted in yellow). Also included are previously published symbionts from our
lab: Sammy_Ctena 1-7 and Bokeelia_Stewartia 1-3 18,23 (bolded and highlighted in
yellow). Cedar_Lucina 3 was not included in any group for the 16S rRNA gene tree.
GenBank accession numbers can be found in Table 2 for other NCBI symbionts (bolded
and highlighted in blue).
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Symbiont diversity between locations and hosts
Amplicon sequence variant (ASV) analysis of the 16S rRNA gene was used to
determine the relative abundance and diversity of symbiont communities among different
hosts and locations. ASVs are better for more precise measurements of species variation
than Operational Taxonomic Units (OTU) 81. The ASVs were compared among sites and
environments (Figure 5). Crescent, Moon Rock, and Pain Pond had samples that were
from the host Ctena spp. while Pigeon Creek samples were from the hosts Lucina
aurantia and Codakia orbicularis. The species identified via MAG analyses (Figures 3, 4
and 7) were matched to the ASVs, based on sequence alignments of the 16S rRNA gene:
species Ca. Thiodiazotropha endoloripes group 1 is the same as ASV 2; Ca.
Thiodiazotropha endolucinida group 1 is the same as ASV 3; and Ca. Thiodiazotropha
endolucinida group 2 is the same as ASV 1.
ASV 2 was the most abundant in the Crescent Pond samples at about 50%. Moon
Rock Pond did not have ASV 3 in the Derbesia (algae) and sand environments, and the
most abundant ASV in Moon Rock Pond samples was ASV 1 in Derbesia and sand
environments at about 80% and 50% in Batophora environments. Pigeon Creek samples
with Halodule or Thalassia did not have any ASV 2 present and Pigeon Creek samples
with Halodule only had ASV 3 present. Pain Pond did not have any ASV 3 present and
the most abundant was ASV 1 at about 75%. ASV 1 was the most abundant in samples
from environments with algae species (Derbesia and Batophora). ASV 3 was not found
in samples from the sand and sediment environments and was variably present in samples
from seagrass (Ruppia, Halodule, and Thalassia) environments. When comparing the
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number of samples in each ASV, a p-value value of 0.03 showed there was a significant
difference among the number of samples found in each ASV, while a p-value of 0.7
showed there was not a significant difference among the locations/environments.
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Pigeon
Pigeon
Pain Pond
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Creek
Creek
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(Batophora) (Derbesia)
(Halodule) (Thalassia)

Location and Environment
ASV 1

ASV 2

ASV 3

Figure 5: ASV diversity among locations and environments
ASV percentages across the various locations and environments in the Bahamas. Species
Ca. Thiodiazotropha endoloripes group 1 is the same as ASV 2; Ca. Thiodiazotropha
endolucinida group 1 is the same as ASV 3; and Ca. Thiodiazotropha endolucinida group
2 is the same as ASV 1 (Figures 3, 4 and 7). Crescent, Moon Rock, and Pain Pond
samples were from Ctena spp. while Pigeon Creek samples were from Lucina aurantia
and Codakia orbicularis hosts.
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Lastly, to measure the differences in community composition from one
environment or location to another among samples, beta diversity analysis was
performed. Beta diversity analysis measured the variation in community composition
across different sites according to the ASV analysis 82. The communities in the beta
diversity analysis were all the ASVs (330) from the Qiime analysis, which were then
used to compare location and environment. NMDS (Non-metric Multi-dimensional
Scaling) plots were used to assess the beta diversity across different locations (Figure 6A)
and environments (Figure 6B). Samples dominated by the top three ASVs were circled in
different colors. Based on the NMDS plots, samples dominated by the three ASVs
clustered separately, except the ASV 1 outliers at the bottom of the plot. The outlier
samples were: 17006EG (Ctena_Moon), 18007DG (Ctena_Pain), 18009LG (Ctena_Pain),
17004CG (Ctena_Moon), and 17002BG (Ctena_Crescent). Outliers were from mixed
communities from a single gill (more than one ASV present in a sample) and collected
from the three ponds in the Bahamas. ASV 1 dominated samples mainly occurred in
Moon and Pain Pond; ASV 2 dominated samples were not present in Pigeon Creek; and
ASV 3 dominated samples were mainly found in Pigeon Creek. ASV 1 dominated
samples were mostly associated with algae and sediment environments; ASV 2
dominated samples were generally not found in seagrass environments; and ASV 3
dominated samples were primarily associated with seagrass environments. Mixed
communities were samples dominated by ASV 1 (50% of all mixed samples).
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Figure 6: Beta diversity among samples from different locations and environments.
NMDS ggplot2 in R showing the beta diversity across different (A) locations and (B)
environments for three different ASVs. The transformation method was Chi Square with
a stress level of 0.128 and Bray Curtis distance. Samples were only those that were
previously sequenced and analyzed from the Bahamas. Circles represent ASV number:
red is ASV 1, blue is ASV 2, and purple is ASV 3.
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Functional Diversity of the Lucinid Endosymbionts
In addition to the genetic diversity of the MAGs, the functional diversity/potential
of all MAGs from the Bahamas and Florida were determined based on several analyses.
First, a pangenome was created of all the 46 Clade A endosymbiont MAGs to determine
their core and accessory genes and differences in metabolism. As with the phylogenomic
analyses and AAI/ANI, the MAGs clustered into three main groups and six subgroups
according to gene cluster frequency (Figure 7). Gene clusters are defined as a highly
related set of genes with a similar function 83. Core gene clusters (found in all 46 MAGs),
which made up about 34% of each MAG, on average, are on the bottom right of the
pangenome from about 3 pm-6 pm on a clockface, and the specific gene clusters, which
made up about 66% of each MAG, were represented from about 6 pm to 12 am (Figure
7).
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Figure 7: Pangenome analysis comparing MAGs from Bahamas and Florida
MAGs were compared by their gene cluster frequencies using anvi’o 64. A tree was
included in the diagram to show the phylogenetic relationships according to gene cluster
frequency among the MAGs. Three species were found, species “1” (green), species “2”
(purple, red and blue) and “3” (light green, orange and yellow). Subspecies are the colors
within the species so purple, red, blue are each a different subspecies but are in species 2.
Light green, orange and yellow are each subspecies in the species 3. MAGs were named
based on the location they were collected and the host of the samples. The number after
the name is to differentiate it from the other MAGs from the same location and host.
Included are previously published symbionts from other labs: Fetovaia_Loripes_1
(Candidatus Thiodiazotropha endoloripes) and French_West_Indies_Codakia_1
(Candidatus Thiodiazotropha endolucinida) 22,79. Also included are previously published
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symbionts from the Campbell lab: Sammy_Ctena 1-7 and Bokeelia_Stewartia 1-3 18,23.
On the pangenome Group 1 is the species Ca. Thiodiazotropha endoloripes group 1;
Group 2 is the species Ca. Thiodiazotropha endolucinida group 1; and Group 3 is the
species Ca. Thiodiazotropha endolucinida group 2. For more details on MAGs see Table
4.

Second, the number of unique and common functional genes among each
species/subspecies was examined in order to determine the specific/common main
metabolic pathways or processes and to find potential functional relationships (Figure 8).
All species shared about 81% of their genes identified by KEGG analyses. Ca.
Thiodiazotropha endoloripes group 1 had the most unique genes at 4.4% compared to
about 2-3% for the other two species. Ca. Thiodiazotropha endolucinida group 1 and
group 2 only shared about 2% genes with Ca. Thiodiazotropha endoloripes group 1 but
shared 4.7% genes between each other (Figure 8A). Subspecies that belonged to the
species Ca. Thiodiazotropha endolucinida group 1 shared almost 92% of their genes
among all three subspecies (Figure 8B). Ca. Thiodiazotropha endolucinida group 1_1 had
4.4% genes unique to that specific subspecies. Ca. Thiodiazotropha endolucinida group
1_2 shared 2.7% genes with Ca. Thiodiazotropha endolucinida group 1_3 and every other
comparison was less than 1% for Ca. Thiodiazotropha endolucinida group 1. Subspecies
that belonged to the species Ca. Thiodiazotropha endolucinida group 2 shared 94% genes
among all three subspecies (Figure 8C). Ca. Thiodiazotropha endolucinida group 2_3 had
almost 3% genes unique to that specific subspecies. Ca. Thiodiazotropha endolucinida
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group 2_1 shared about 2% genes with Ca. Thiodiazotropha endolucinida group 2_2 and
every other comparison was less than 1% for Ca. Thiodiazotropha endolucinida group 2.

A
Thiodiazotropha endolucinida
group 1
n = 19

Thiodiazotropha
endoloripes group 1
n=9

Thiodiazotropha endolucinida group 2
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endolucinida
group 1_1
n=4
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endolucinida
group 1_2
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Thiodiazotropha
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n=6
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group 2_2
n=5

Thiodiazotropha
endolucinida group 2_3
n=7
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Figure 8: Venn diagrams comparing KEGG functional gene abundances among species
and subspecies. (A) All three subspecies. (B) Subspecies of Ca. Thiodiazotropha
endolucinida group 1. (C) Subspecies of Ca. Thiodiazotropha endolucinida group 2. All
functional genes compared were found in at least fifty percent of MAGs for that specific
subspecies/species. The number of total MAGs used in the comparison for each
species/subspecies is shown under the name. Genes were the core for that specific
species/subspecies meaning all genes represented for a species/subspecies were found in
all samples from that species/subspecies. Venn diagrams were created using the tool
Venny 2.1 by BioinfoGP
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.

Third, the number of core (common to all three species), accessory (common to
two species), and unique genes (common to only one species) were determined for those
genes within KEGG level 2, representing global pathways, to determine specific/common
pathways or processes across species (Figure 9). The most abundant categories for core,
accessory and unique genes were energy metabolism, genetic information processing,
unclassified metabolism, carbohydrate metabolism¸ and membrane transport. There were
clear differences in the number of core, accessory or unique genes in several global
pathway categories. For instance, amino acid metabolism, metabolism of cofactors and
vitamins, genetic information processing, protein families: metabolism, and translation
categories contained a higher percentage of core than accessory or unique genes. Energy
metabolism, metabolism of other amino acids, signaling and cellular processes, signal
transduction, and xenobiotics biodegradation and metabolism categories contained a
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higher percentage of accessory genes than core or unique genes. Carbohydrate
metabolism, membrane transport, and cellular community (prokaryotes) contained a
higher percentage of unique genes than core or accessory genes. A p-value test showed a
value of 7.1 x 10^-12 showed a significant difference in the number of genes comparing
all functional categories, but a p-value of 0.8 showed there was not a significant
difference comparing the number of genes in the core, accessory, and unique categories.
Fourth, the specific functional pathways (KEGG level 3) that displayed unique
and common pathways among species was determined (Table 5). The most abundant
functions were transporters and two component system at ~5-8%. ABC transporters,
oxidative phosphorylation, purine metabolism, ribosomes and ribosome biogenesis,
sulfur metabolism, and transfer RNA biogenesis also had high abundances of 3-5% for all
species. The antimicrobial resistance gene category was ~3% abundant in Ca.
Thiodiazotropha endoloripes group 1, whereas it was almost 0% abundant in the other
two species. The methane metabolism category was ~1% abundant in Ca.
Thiodiazotropha endolucinida group 2 compared to the other species, at ~2% abundance.
A p-value of 1.5 x 10^-18 showed that there was a significant difference in the number of
genes in each functional category comparing among species meaning the functional
categories differed based on species.
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Figure 9: KEGG comparisons of global pathway core, unique and accessory genes among
species.
KEGG level two analysis showing the core, accessory, and unique functional gene
percentages for all species. Core is defined as being found in all species; accessory is
defined as being found in two of the three species; and unique is defined as being found
in only one of the three species.

53

Table 5: Top 35 KEGG pathway/functions in the three lucinid endosymbiont species.
KEGG level three function abundances were organized from largest to smallest for each
species. The percentage abundance was calculated for all thirty species. All functional
genes compared were found in at least fifty percent of MAGs for that specific species.
Bold numbers indicate functions that had at least one species with different values than
the other species.
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Transporters
ABC transporters
Two-component system
Oxidative phosphorylation
Ribosome biogenesis
Ribosome
Purine metabolism
Sulfur metabolism
Transfer RNA biogenesis
Glycolysis / Gluconeogenesis
Energy metabolism
Antimicrobial resistance genes
Chaperones and folding catalysts
Secretion system
Folate biosynthesis
Peptidases and inhibitors
Glyoxylate and dicarboxylate metabolism
Bacterial secretion system
Aminoacyl-tRNA biosynthesis
Nitrogen metabolism
Porphyrin and chlorophyll metabolism
Chromosome and associated proteins
Transcription factors
Pyrimidine metabolism
Protein export
Methane metabolism
Flagellar assembly
Lipopolysaccharide biosynthesis
Pyruvate metabolism
Amino sugar and nucleotide sugar
metabolism
Phenylalanine, tyrosine and tryptophan
biosynthesis
Translation factors

Ca.
Thiodiazotropha
endoloripes
group 1
8%
6%
5%
5%
5%
4%
4%
4%
3%
3%
3%
3%
3%
3%
2%
2%
2%
2%
2%
2%
2%
2%
2%
2%
2%
2%
2%
2%
2%

Ca.
Thiodiazotropha
endolucinida
group 1
8%
5%
7%
4%
4%
5%
4%
4%
4%
3%
3%
0%
3%
3%
3%
2%
2%
2%
2%
2%
2%
2%
3%
2%
2%
2%
3%
2%
2%

Ca.
Thiodiazotropha
endolucinida
group 2
8%
5%
7%
5%
4%
5%
4%
4%
4%
3%
3%
0%
3%
3%
2%
2%
2%
2%
2%
2%
2%
2%
3%
2%
2%
1%
3%
2%
2%

2%

1%

2%

1%

1%

1%

1%

2%

2%
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Lastly, functional pathway analyses determined important or unique genes found
in each subspecies (Table 6). Most of the subspecies contained all the listed sulfate and
nitrogen metabolism genes. Ca. Thiodiazotropha endolucinida group 1_2 had the most
unique sulfate metabolism genes, which were dissimilatory sulfite reductase, sulfate
adenylyltransferase, and sulfur dioxygenase. Ca. Thiodiazotropha endoloripes group 1
had the most unique nitrogen metabolism genes, which were an ABC transporter for urea
uptake and nitrilase. Ca. Thiodiazotropha endoloripes group 1 was the only species to
have Type III secretion system proteins in addition to Type IV and VI secretion system
proteins. Chemotaxis protein MotA and MotB 84 were found in all subspecies but
chemotaxis protein cheBR 85 was only found in Ca. Thiodiazotropha endolucinida group
2_3 and Ca. Thiodiazotropha endoloripes group 1. Different genes associated with
toxins/antitoxins were found in different subspecies, such as the antitoxin FitA and toxin
FitB 86 were only found in Ca. Thiodiazotropha endoloripes group 1. The antitoxin HigA1 was only found in Ca. Thiodiazotropha endolucinida group 1_3, but the toxin HigB-1 87
was found in Ca. Thiodiazotropha endolucinida group 1_1 and Ca. Thiodiazotropha
endolucinida group 2_3. CRISPR related genes and mRNA interferases 88 were only
found in Ca. Thiodiazotropha endolucinida group 1_1. Biotin metabolism, folate
biosynthesis, pantothenate biosynthesis, riboflavin metabolism, thiamine metabolism,
vitamin B6 metabolism, and nicotinate and nicotinamide metabolism genes were found in
all subspecies. Ca. Thiodiazotropha endolucinida group 1_1 had the most unique genes
associated with amino acid metabolism. For instance, these genes were only found in Ca.
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Thiodiazotropha endolucinida group 1_1: DNA (cytosine-5)-methyltransferase 1, glycine
C-acetyltransferase, S-adenosylmethionine decarboxylase 89–91.

Table 6: (following page) Functional Pathway comparison showing specific functional
gene among subspecies.
Specific functional genes were chosen from KEGG level four with level three as a guide
for choosing the genetic features. Functional genes were chosen based on if the gene is
known to be important in the subsystem or the gene was unique in only certain
subspecies. All functional genes scored as present were found in at least fifty percent of
MAGs for that specific species/subspecies and scored as absent if found in less than 50%
or entirely absent in MAGs of the indicated subspecies.
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Functional Pathway

Sulfate Metabolism

Nitrogen
Metabolism

Genetic Feature
Sulfite reductase
Adenylylsulfate reductase
Sulfhydrogenase
Sulfide dehydrogenase
Sulfur-oxidizing protein SoxYZ
Thiosulfate reductase
Dissimilatory sulfite reductase
Sulfate adenylyltransferase
Sulfur dioxygenase
Assimilatory nitrate reductase
Ammonium transport
Glutamate synthase and
dehydrogenase
Nitrate reductase cytochrome
Nitrite reductase
Nitrite/nitrate transport
Nitrogenase
Nitrous-oxide reductase

All except Loripes_1
All Subspecies
All Subspecies
All Subspecies
All Subspecies
All Subspecies
Only in Lucinida_1_2
Only in Lucinida_1_2
Only in Lucinida_1_2
All except Lucinida_1_1
All Subspecies

Ornithine carbamoyltransferase

All Subspecies
Only in Lucinida_1_2,
Lucinida_1_3

Nitrite oxidoreductase
ABC transporter for Urea
uptake
Nitrilase
Cyanate lyase

Cellular Structures
and Motility

Presence

Type VI secretion system
protein ImpK and ImpL
Chemotaxis protein MotA and
MotB
Chemotaxis proteins
cheA,B,R,V,W,Y,Z
Flagella motor proteins
Type IV pilus assembly proteins

58

All Subspecies
All Subspecies
All Subspecies
All Subspecies
All Subspecies
All Subspecies

Only in Loripes_1
Only in Loripes_1
Only In Lucinida_1_1,
Lucinida_2_1,
Lucinida_2_2, Lucinida_2_3

All except Lucinida_2_2
All Subspecies
All Subspecies
All Subspecies
All Subspecies

Cellular
Structures and
Motility

Type VI secretion system
proteins ImpA,B,C,H,J,M
Type III secretion proteins
Twitching motility proteins PilT
and PilU
Type IV secretion system
protein VirD4
Chemotaxis protein cheBR
Type I restriction enzyme M
protein
Type I restriction enzyme, R
subunit
Type I restriction enzyme, S
subunit
Antitoxin YefM

Defense

Toxin YoeB
ParD1_3_4; antitoxin ParD1/3/4
ParE1_3_4; toxin ParE1/3/4
Antitoxin CptB
Putative hemolysin
Antitoxin FitA
Beta-lactamase class A
Hemolysin III
Peroxisomal 2,4-dienoyl-CoA
reductase
Toxin FitB
CRISPR-associated
endonuclease Csn1 and protein
Cas2
mRNA interferase HigB,
Re1E/StbE
Toxin HigB-1
5-methylcytosine-specific
restriction enzyme A
Aminoglycoside 6'-Nacetyltransferase I
Antitoxin HigA-1
Death on curing protein
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All Subspecies
Only in Loripes_1
Only in Lucinida_1_1,
Lucinida_1_2,
Lucinida_2_3, Loripes_1
Only in Lucinida_1_2,
Lucinida_2_2
Only in Lucinida_2_3,
Loripes_1
All except Loripes_1
All except Lucinida_1_2,
Lucinida_2_3, Loripes_1
All except Lucinida_1_2,
Loripes_1
All except Lucinida_2_1,
Lucinida_2_2, Loripes_1
All except Lucinida_2_1,
Lucinida_2_2, Loripes_1
All Subspecies
All Subspecies
All Subspecies
All Subspecies
Only in Loripes_1
Only in Loripes_1
Only in Loripes_1
Only in Loripes_1
Only in Loripes_1
Only in Lucinida_1_1
Only in Lucinida_1_1
Only in Lucinida_1_1,
Lucinida_2_3
Only in Lucinida_1_2,
Lucinida_1_1
Only in Lucinida_1_2,
Lucinida_1_3
Only in Lucinida_1_3
Only in Lucinida_1_3,
Lucinida_1_1

Defense

Type III restriction enzyme
Adenine-specific DNAmethyltransferase
Betaribofuranosylaminobenzene 5'phosphate synthase
Dihydromethanopterin
reductase
2-dehydropantoate 2-reductase
Folate biosynthesis genes
folB,C,E2,K,P
Folate biosynthesis genes
moaA,B,C,E
Folate biosynthesis genes
queC,D,E,F

Vitamins

Nicotinate and nicotinamide
metabolism genes nadA,C,D,E
Pantothenate biosynthesis genes
coaBC,D,E,X
Riboflavin metabolism genes
ribBA,D,E,F,H
Thiamine metabolism genes
thiC,D,E,G,L,O
Vitamin B6 metabolism genes
pdxA, pdxJ
Biotin metabolism genes
bioA,B,C,D,F, H
4'-phosphopantetheinyl
transferase
Alkaline phosphatase

Amino Acid
Metabolism

GTP cyclohydrolase IA
Alkaline phosphatase D
Nicotinamide
phosphoribosyltransferase
7,8-dihydropterin-6-yl-methyl4-aminobenzene 5'-phosphate
synthase
NAD-dependent deacetylase
Gamma-glutamyl
hercynylcysteine S-oxide
synthase
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Only in Lucinida_2_2
Only in Lucinida_2_2,
Lucinida_1_2
Only in Lucinida_2_2,
Lucinida_2_3, Lucinida_2_1
All except Loripes_1
All except Loripes_1
All except Lucinida_1_2,
Lucinida_1_3
All subspecies
All subspecies
All subspecies
All subspecies
All subspecies
All subspecies
All subspecies
All subspecies
All subspecies
Only in Lucinida_1_2,
Lucinida_1_3
Only in Lucinida_2_1,
Lucinida_2_2
Only in Lucinida_2_1,
Lucinida_2_2, Loripes_1
Only Loripes_1
Only Lucinida_1_1
Only Lucinida_2_3
Only Lucinida_2_3
All except Loripes_1

Amino Acid
Metabolism

Phenylacetate-CoA ligase
Carboxynorspermidine
decarboxylase
Aminomuconatesemialdehyde/2hydroxymuconate-6semialdehyde dehydrogenase
Alanine dehydrogenase and
recemase
Alanine metabolism genes
panC, panD
Arginine and proline
metabolism genes proA,B,C
Argininosuccinate synthase and
lyase
Asparagine synthase
Aspartate kinase
Aspartate-semialdehyde
dehydrogenase and
aminotransferase
Cysteine and methionine
metabolism genes metE,H,K,Y
Glutamate--cysteine ligase
Glutathione synthase
Histidine metabolism genes
hisA,B,C,D,E,F,G,H,I,Z
Proline iminopeptidase
S-sulfo-L-cysteine synthase
Threonine synthase
Tryptophan synthase alpha
chain
Tryptophan synthase beta chain
L-cysteate sulfo-lyase
S-adenosylmethionine
decarboxylase
Agmatinase
Arginine decarboxylase
Glycine/sarcosine Nmethyltransferase
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All except Loripes_1
All except Lucinida_1_2,
Lucinida_1_3
All except
Lucinida_2_1,Lucinida_2_2
All subspecies
All subspecies
All subspecies
All subspecies
All subspecies
All subspecies
All subspecies
All subspecies
All subspecies
All subspecies
All subspecies
All subspecies
All subspecies
All subspecies
All subspecies
In Lucinida_2_1,
Lucinida_2_2, Lucinida_2_3
In Lucinida_2_1,
Lucinida_2_2,Lucinida_2_3,
Loripes_1
Only in Lucinida_1_1
Only in Lucinida_1_1,
Loripes_1
Only in Lucinida_1_1,
Loripes_1
Only in Lucinida_1_1,
Lucinida_2_1

Amino Acid
Metabolism

Sarcosine/dimethylglycine Nmethyltransferase
Spermidine synthase
DNA (cytosine-5)methyltransferase 1
Glycine C-acetyltransferase

Only in Lucinida_1_1,
Lucinida_2_1
Only in Lucinida_2_1,
Lucinida_2_3
Only Lucinida_1_1
Only Lucinida_1_1

Evidence of Diversity due to Horizontal Gene Transfer
Horizontal gene transfer, through transformation, conjugation, or transduction, is
a major way that organisms, especially prokaryotes, adapt and evolve to different
environments and conditions. Here, two methods were used to identify HGT-related gene
transfer in lucinid endosymbionts. Abundances of partial/incomplete prophage coding
sequences were compared among MAGs from different locations or subspecies (Figure
10). The subspecies Ca. Thiodiazotropha endolucinida group 2_3 was not included in this
analysis because prophages were not detected in any of its MAGs. Most samples had at
least one prophage component identified as belonging to Escherichia (Escher),
Enterococcus (Entero), and Pseudomonas (Pseudo). The subspecies Ca. Thiodiazotropha
endolucinida group 2_2 had the most Clostridium (Clostr), Serratia (Serrat),
Brevibacillus (Brevib), and Listonella (Liston). Almost all samples belonging to the
subspecies Ca. Thiodiazotropha endolucinida group 1_1 had genes identified as arising
from Vibrio (Vibrio) and Burkholderia (Burkho). Half of the samples from Ca.
Thiodiazotropha endolucinida group 1_1 had Salmonella (Salmon), Mycobacterium
(Mycob), and Clostr components (or genes). Ca Thiodiazotropha endoloripes group 1 had
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most genes associated with Edwardsiella (Edward), Synechococcus (Synech),
Prochlorococcus (Prochl), Streptococcus (Strept), and Xanthomonas (Xantho) prophages.
Some samples from either the Bahamas or Florida had differences between the locations
but there were no prophage components found exclusively in one location. There were
more total prophage components found in the Bahamas than Florida. There was not a
significant difference in the number of total prophages found in the Bahamas versus
Florida with a p-value of 0.4.
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Figure 10: Prophage coding sequences abundance in MAGs, comparing sample
environment and location.
Heatmap of prophage coding sequence abundance for all MAGs. The dendrogram
indicates the similarity in abundance of the prophage sequence abundance among the
samples examined. Location and subspecies are added on the left as different columns for
all samples. The Caribbean and Italy locations only have one sample each (known
symbionts). All MAGs from the subspecies Ca. Thiodiazotropha endolucinida group 2_3
did not have any prophage components present. Prophage components were analyzed by
the web server PHASTER. All subspecies belong to the provisional named species
Candidatus Thiodiazotropha.

MetaCHIP HGT was used to determine the potential of past transfer of genes
between subspecies, including the frequency and types of genes transferred (Figure 11).
Of those subspecies who were identified as sharing genes with others, Lucinida 1_1
shared 10 genes; Lucinida 1_2 shared 45 genes; Lucinida 1_3 shared 55 genes; Lucinida
2_1 shared 11 genes; and Lucinida 2_3 shared 10 genes. No donated or received genes
were detected in Lucinida 2_2. The subspecies Lucinida 1_2 only donated genes to
Lucinida 1_3 and Lucinida 1_3 only donated genes to the same species. Lucinida 2_1 and
Lucinida 2_3 donated genes to all groups except subspecies Lucinida 1_2 and 2_2.
Loripes 1 donated genes to all subspecies except Lucinida 2_2 and only received genes
from Lucinida 2_1 and 2_3. Lucinida 1_1 received genes from all subspecies except
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Lucinida 1_2 and 2_2. Lucinida 1_3 donated the most genes overall. There was a
significant difference in the number of donated and received genes between locations
based on a p-value of 0.01. There was not a significant difference in donated and received
genes among subspecies with a p-value of 0.6.
The top three Prokka functions donated/received were hypothetical proteins
(40/72; 56%), translation (5/72; 7%), ribosomal structure and biogenesis, and translation
(5/72; 7%) (Table 7). Lucinida 1_1 only donated hypothetical proteins. Loripes 1 donated
signal transduction mechanism and transcription genes to Lucinida 1_2. Lucinida 2_1
donated transcription genes to Lucinida 1_3 and nucleotide transport and metabolism
genes to Lucinida 1_1. Lucinida 2_3 donated translational, ribosomal structure and
biogenesis and inorganic ion transport and metabolism genes to Lucinida 1_1.
MAGs from the Bahamas donated about 71% (51/72) of genes and out of those
86% (44/51) donated were to only MAGs from the Bahamas and the Bahamas MAGs
only donated 6% (3/51) to MAGs from Florida. The 22% (16/72) of genes donated by
Florida MAGs were received by MAGs from both the Bahamas and Florida. MAGs from
Pigeon Creek (12/51; 24%) and Graham’s Harbor (30/51; 59%) donated the most genes
out of those from the Bahamas. Graham’s Harbor MAGs donated mostly to MAGs from
Pigeon’s Creek (15/30; 50%) and Pigeon Creek MAGs mostly donated to MAGs from
the same site (8/12; 67%). The MAGs donating and receiving genes from both locations
generally donated/received more than one gene (repeat) especially from Graham’s Harbor
and Pigeon Creek where just a few MAGs donated/received a lot of genes. There were
not many MAGs (9/72; 13%) from the three ponds (Crescent, Moon Rock, and Pain
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Pond) in the Bahamas, but MAGs that donated/received genes the most from these ponds
were from Crescent Pond (8/9; 89%). Crescent Pond MAGs donated eight genes with
most of those MAGs receiving the genes coming from Pigeon Creek and Graham’s
Harbor. Crescent Pond MAGs received six genes with half of the MAGs that donated
located in Florida and half from the Bahamas. Most genes donated or received had an
identity score of >90.
Comparing the number of detected prophages and genes that were horizontally
transferred between subspecies MAGs, the subspecies Ca. Thiodiazotropha endoloripes
group 1 (MAG n=9) had the most total prophage coding sequences but this subspecies
had less detected horizontally transferred genes than Ca. Thiodiazotropha endolucinida
group1_1 (n=4), which had the second most total prophage coding sequences. Ca.
Thiodiazotropha endolucinida group 1_1 donated the most detected genes and also had
the second most prophage coding sequences out of all subspecies. Ca. Thiodiazotropha
endolucinida group 2_1 (n=6) did not have many detected transferred genes and this
subspecies also did not have many prophage coding sequences. The most variation in
prophage components came from Ca. Thiodiazotropha endolucinida 1_3 (n=9) and Ca.
Thiodiazotropha endoloripes group 1, and Ca. Thiodiazotropha endolucinida 1_3 donated
many detected genes and Ca. Thiodiazotropha endoloripes group 1 did not donate many
genes. Ca. Thiodiazotropha endolucinida 1_2 (n=6) had the least variation in prophage
coding sequences and donated a small amount of detected genes, but it also received the
most genes. The subspecies Ca. Thiodiazotropha endolucinida 2_3 (n=7) did not have
any prophage components, but it participated in horizontal gene transfer and donated
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detected genes to most subspecies. The subspecies Ca. Thiodiazotropha endolucinida 2_2
(n=5) did not donate any detected genes, but it contained a moderate amount of prophage
components with lower variation in the prophage components present.

Figure 11: Horizontal gene transfer amongst different subspecies.
Chord diagram showing the horizontal gene transfer flow amongst the MAGs from
different subspecies and locations. The outer ring shows the different subspecies, and the
inner ring shows the function that corresponds with the donated gene. The name
“Lucinida” in Figure 11 refers to “endolucinida” and “Loripes” refers to “endoloripes”.
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Donated genes are represented by the subspecies color. The thickness of the band
corresponds to the number of genes being donated. The numbers around the figure
represent the number of genes donated or received for that specific subspecies. The
subspecies colors are the same as Figures 3 and 7. Donated gene function abbreviations:
C (energy production and conversion); E (amino acid transport and metabolism); F
(nucleotide transport and metabolism); H (coenzyme transport and metabolism); J
(translation, ribosomal structure and biogenesis); K (translation); L (replication,
recombination and repair); M (cell wall/membrane/envelope biogenesis), O (posttranslational modification, protein turnover and chaperones); P (inorganic ion transport
and metabolism); T (signal transduction mechanisms); V (defense mechanisms); X
(mobilome prophages, transposons); S (function unknown); R (general prediction only);
HP (hypothetical protein).

Table 7: (following page) Detailed results of horizontal gene transfer analysis between
MAGs.
Results from MetaCHIP analysis for all samples including location, subspecies and
Prokka functions. Subspecies “Lorip1” is Ca. Thiodiazotropha endoloripes group 1 and
anything else that just has a number is related to Ca. Thiodiazotropha endolucinida. For
example, “1_3” in the table is the subspecies Ca. Thiodiazotropha endolucinida group
1_3.
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Location1 to Location2
Bahamas to Bahamas

1_3 to 1_2

Hypothetical protein

Bahamas to Bahamas

1_3 to 1_2

Putative metal chaperone YciC

Bahamas to Florida

1_3 to 1_1

Toxin ParE1

Bahamas to Florida

1_3 to 1_1

Antitoxin ParD1

100

Direction
Graham_Lucina_1->Graham_Lucina_4
Graham_Clathrolucina_1->Graham_Lucina_4
Graham_Clathrolucina_1->Cedar_Lucina_3
Graham_Clathrolucina_1->Cedar_Lucina_3
Graham_Lucina_2->Graham_Lucina_4

Subspecies1
to
Subspecies2

Bahamas to Bahamas

1_3 to 1_2

Hypothetical protein

100

Pigeon_Lucina_1-->Pigeon_Ctena_1

Bahamas to Bahamas

1_3 to 1_2

Hypothetical protein

Pigeon_Lucina_1_02266

100

Pigeon_Lucina_1-->Pigeon_Ctena_1

Bahamas to Bahamas

1_3 to 1_2

Hypothetical protein

Pigeon_Ctena_1_01157

Pigeon_Lucina_1_00828

100

Pigeon_Lucina_1-->Pigeon_Ctena_1

Bahamas to Bahamas

1_3 to 1_2

Hypothetical protein

Pigeon_Ctena_1_01662

Pigeon_Lucina_1_01840

100

Pigeon_Lucina_1-->Pigeon_Ctena_1

Bahamas to Bahamas

1_3 to 1_2

Hypothetical protein

Pigeon_Ctena_1_02492

Pigeon_Lucina_1_02275

100

Pigeon_Lucina_1-->Pigeon_Ctena_1

Bahamas to Bahamas

1_3 to 1_2

Hypothetical protein

Pigeon_Ctena_1_02682

Pigeon_Lucina_1_02969

100

Pigeon_Lucina_1-->Pigeon_Ctena_1

Bahamas to Bahamas

1_3 to 1_2

Pigeon_Ctena_1_02787

Pigeon_Lucina_1_03306

100

Pigeon_Lucina_1-->Pigeon_Ctena_1

Bahamas to Bahamas

1_3 to 1_2

Pigeon_Ctena_1_03202

Pigeon_Lucina_1_02845

100

Bahamas to Bahamas

1_3 to 1_2

Graham_Clathrolucina_2_02607

Pigeon_Ctena_1_03008

100

Bahamas to Bahamas

1_2 to 1_3

Alanine dehydrogenase

Pigeon_Ctena_1_00851

Graham_Clathrolucina_2_00825

100

Bahamas to Bahamas

1_3 to 1_2

Pigeon_Ctena_1_00865

Graham_Clathrolucina_2_00811

100

Bahamas to Bahamas

1_3 to 1_2

Hypothetical protein
Glycine cleavage system
transcriptional repressor

Pigeon_Ctena_1_0087

Graham_Clathrolucina_2_00802

100

Bahamas to Bahamas

1_3 to 1_2

Sensor histidine kinase RcsC

Pigeon_Ctena_1_00977

Graham_Clathrolucina_2_00531

100

Bahamas to Bahamas

1_3 to 1_2

Hypothetical protein

Pigeon_Ctena_1_01021

Graham_Clathrolucina_2_00575

100

Bahamas to Bahamas

1_3 to 1_2

Sulfur carrier protein TusA

Pigeon_Ctena_1_01023

Graham_Clathrolucina_2_00577

100

Bahamas to Bahamas

1_3 to 1_2

Hypothetical protein

Pigeon_Ctena_1_01024

Graham_Clathrolucina_2_00578

100

Bahamas to Bahamas

1_3 to 1_2

Pigeon_Ctena_1_01068

Graham_Clathrolucina_2_00621

100

Bahamas to Bahamas

1_3 to 1_2

Glycine--tRNA ligase alpha subunit
Pyruvate dehydrogenase complex
repressor

Pigeon_Ctena_1_01663

Graham_Clathrolucina_2_03314

100

Bahamas to Bahamas

1_3 to 1_2

Adenylate kinase

Pigeon_Ctena_1_01694

Graham_Clathrolucina_2_01380

100

Bahamas to Bahamas

1_3 to 1_2

Hypothetical protein

Pigeon_Ctena_1_01826

Graham_Clathrolucina_2_02382

100

Pigeon_Lucina_1-->Pigeon_Ctena_1
Pigeon_Ctena_1->Graham_Clathrolucina_2
Graham_Clathrolucina_2->Pigeon_Ctena_1
Graham_Clathrolucina_2->Pigeon_Ctena_1
Graham_Clathrolucina_2->Pigeon_Ctena_1
Graham_Clathrolucina_2->Pigeon_Ctena_1
Graham_Clathrolucina_2->Pigeon_Ctena_1
Graham_Clathrolucina_2->Pigeon_Ctena_1
Graham_Clathrolucina_2->Pigeon_Ctena_1
Graham_Clathrolucina_2->Pigeon_Ctena_1
Graham_Clathrolucina_2->Pigeon_Ctena_1
Graham_Clathrolucina_2->Pigeon_Ctena_1
Graham_Clathrolucina_2->Pigeon_Ctena_1

Flavin prenyltransferase UbiX
Mercuric resistance operon
regulatory protein
Sulfite reductase, dissimilatory-type
subunit alpha

Bahamas to Bahamas

1_3 to 1_2

30S ribosomal protein S6

Gene 1

Gene 2

Identity

Graham_Lucina_4_02585

Graham_Lucina_1_01987

100

Graham_Lucina_4_00456

Graham_Clathrolucina_1_01004

100

Cedar_Lucina_3_02985

Graham_Clathrolucina_1_03407

99.01

Cedar_Lucina_3_02986

Graham_Clathrolucina_1_03408

98.75

Graham_Lucina_4_01893

Graham_Lucina_2_03278

Pigeon_Ctena_1_00487

Pigeon_Lucina_1_03548

Pigeon_Ctena_1_00929
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Prokka Function

Pigeon_Ctena_1_02039

Graham_Clathrolucina_2_03275

100

Pigeon_Ctena_1_02478

Graham_Clathrolucina_2_00460

100

Pigeon_Ctena_1_02881

Graham_Clathrolucina_2_02748

100

Graham_Lucina_4_01696

Graham_Clathrolucina_2_02570

100

Graham_Lucina_4_02402

Graham_Clathrolucina_2_02737

100

Graham_Lucina_1_00506

Graham_Lucina_4_00952

100

Graham_Clathrolucina_2->Pigeon_Ctena_1
Graham_Clathrolucina_2->Pigeon_Ctena_1
Graham_Clathrolucina_2->Pigeon_Ctena_1
Graham_Clathrolucina_2->Graham_Lucina_4
Graham_Clathrolucina_2->Graham_Lucina_4
Graham_Lucina_4->Graham_Lucina_1

Bahamas to Bahamas

1_3 to 1_2

Hypothetical protein

Bahamas to Bahamas

1_3 to 1_2

Bahamas to Bahamas

1_3 to 1_2

LPS-assembly lipoprotein LptE
Ubiquinone biosynthesis accessory
factor UbiJ

Bahamas to Bahamas

1_3 to 1_2

Bahamas to Bahamas

1_3 to 1_2

Nucleoside diphosphate kinase
Crossover junction
endodeoxyribonuclease RuvC

Bahamas to Bahamas

1_2 to 1_3

Hypothetical protein

Bahamas to Bahamas

1_2 to 1_3

Hypothetical protein

Bahamas to Bahamas

1_2 to 1_3

50S ribosomal protein L2

Bahamas to Bahamas

1_2 to 1_3

IS5 family transposase IS4811

Bahamas to Bahamas

1_2 to 1_3

Bahamas to Caribbean

1_2 to 1_3

putative Fe(2+)-trafficking protein
p-hydroxybenzoic acid efflux pump
subunit AaeA

Bahamas to Caribbean

1_2 to 1_3

Hypothetical protein

Bahamas to Caribbean

1_2 to 1_3

Hypothetical protein

Bahamas to Caribbean

2_1 to 1_3
Lorip1 to
1_3
Lorip1 to
1_1
Lorip1 to
2_3
Lorip1 to
2_3

Hypothetical protein

Fluoroacetyl-CoA thioesterase

Graham_Lucina_1_03090

Graham_Lucina_4_02368

100

Graham_Clathrolucina_1_00902

Graham_Lucina_4_00553

100

Graham_Lucina_2_00056

Graham_Lucina_4_03530

100

Graham_Clathrolucina_2_02920

Graham_Lucina_4_03518

100

French_West_Indies_Codakia_1_00576

Graham_Lucina_4_01895

100

French_West_Indies_Codakia_1_01546

Graham_Lucina_4_04011

100

French_West_Indies_Codakia_1_01924

Graham_Lucina_4_01046

100

French_West_Indies_Codakia_1_01841

Moon_Ctena_4_02625

91.601

Graham_Clathrolucina_2_00349

Fetovaia_Loripes_1_03746

99.206

Cedar_Lucina_3_04157

Fetovaia_Loripes_1_04091

82.143

Sammy_Ctena_6_00436

Fetovaia_Loripes_1_01863

85.215

Sammy_Ctena_6_03426

Fetovaia_Loripes_1_02336

85.985

Cedar_Lucina_3_02539

French_West_Indies_Codakia_1_00517

99.765

Graham_Lucina_4->Graham_Lucina_1
Graham_Lucina_4->Graham_Clathrolucina_1
Graham_Lucina_4->Graham_Lucina_2
Graham_Lucina_4->Graham_Clathrolucina_2
Graham_Lucina_4->French_West_Indies_Codakia_1
Graham_Lucina_4->French_West_Indies_Codakia_1
Graham_Lucina_4->French_West_Indies_Codakia_1
Moon_Ctena_4->French_West_Indies_Codakia_1
Fetovaia_Loripes_1->Graham_Clathrolucina_2
Fetovaia_Loripes_1->Cedar_Lucina_3
Fetovaia_Loripes_1->Sammy_Ctena_6
Fetovaia_Loripes_1->Sammy_Ctena_6
French_West_Indies_Codakia_1->Cedar_Lucina_3

Crescent_Ctena_1_03896

Cedar_Lucina_1_03268

98.526

Cedar_Lucina_1-->Crescent_Ctena_1

Florida to Bahamas

Cedar_Lucina_1_00280

Crescent_Ctena_6_01908

95.154

Cedar_Lucina_1-->Sammy_Ctena_3

Florida to Florida

Sammy_Ctena_3_02041

Cedar_Lucina_1_00280

99.074

Cedar_Lucina_1-->Sammy_Ctena_3

Florida to Florida

1_3 to 1_1
Lorip1 to
2_1
Lorip1 to
2_1
Lorip1 to
2_1

Graham_Lucina_1_00396

Cedar_Lucina_2_01323

98.867

Florida to Bahamas

1_1 to 1_3

ATP synthase subunit delta

Graham_Clathrolucina_1_01698

Cedar_Lucina_2_02374

89.922

Cedar_Lucina_2-->Graham_Lucina_1
Cedar_Lucina_2->Graham_Clathrolucina_1

Florida to Bahamas

1_1 to 1_3

French_West_Indies_Codakia_1_03906

Cedar_Lucina_5_00692

100

Florida to Carribean

Lorip1 to
1_3

Hypothetical protein
Proton-translocating
ferredoxin:NAD(+) oxidoreductase
complex subunit D

Cedar_Lucina_5->French_West_Indies_Codakia_1
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Italy to Bahamas
Italy to Florida
Italy to Florida
Italy to Florida
Caribbean to Florida

Hypothetical protein
Response regulator MprA
Flavodoxin/ferredoxin--NADP
reductase
Hypothetical protein

Hypothetical protein
Hypothetical protein
Hypothetical protein

Cedar_Lucina_2_01094

Sammy_Ctena_3_01438

95.585

Florida to Florida

90.312

Sammy_Ctena_3-->Cedar_Lucina_2
Sammy_Ctena_3->Crescent_Ctena_4
Sammy_Ctena_5->French_West_Indies_Codakia_1
Sammy_Ctena_6->Graham_Lucina_1
Sammy_Ctena_6->Fetovaia_Loripes_1
Sammy_Ctena_6->Fetovaia_Loripes_1

Crescent_Ctena_4_00020

Sammy_Ctena_3_01232

94.389

French_West_Indies_Codakia_1_01844

Sammy_Ctena_5_03607

86.806

Graham_Lucina_1_02787

Sammy_Ctena_6_01488

86.972

Fetovaia_Loripes_1_00067

Sammy_Ctena_6_03436

83.026

Fetovaia_Loripes_1_02334

Sammy_Ctena_6_03428

Cedar_Lucina_3_02542

Sammy_Ctena_6_02635

99.446

Sammy_Ctena_6-->Cedar_Lucina_3

Sammy_Ctena_1_00507
Sammy_Ctena_1_00523

Sammy_Ctena_6_00802

100

Sammy_Ctena_6_02653

99.483

Graham_Codakia_3_01977

Crescent_Ctena_6_04073

93.197

French_West_Indies_Codakia_1_01846

Crescent_Ctena_6_01924

Cedar_Lucina_1_03847
Pigeon_Ctena_1_01530

Peroxyureidoacrylate/ureidoacrylate
amidohydrolase RutB

Florida to Bahamas

2_1 to 1_3
2_1 to
Lorip1

Florida to Caribbean

2_1 to 1_3

Florida to Bahamas

Florida to Italy

2_3 to 1_3
2_3 to
Lorip1
2_3 to
Lorip1

Florida to Florida

2_3 to 1_1

Sammy_Ctena_6-->Sammy_Ctena_1

Florida to Florida

2_3 to 1_1

Hypothetical protein
Adenylylsulfate reductase subunit
alpha

Florida to Florida

2_3 to 1_1

Methionyl-tRNA formyltransferase

Bahamas to Bahamas

2_1 to 2_3

Hypothetical protein

95.374

Sammy_Ctena_6-->Sammy_Ctena_1
Crescent_Ctena_6->Graham_Codakia_3
Crescent_Ctena_6->French_West_Indies_Codakia_1

Bahamas to Caribbean

Hypothetical protein

Crescent_Ctena_6_01920

97.436

Crescent_Ctena_6-->Cedar_Lucina_1

Bahamas to Florida

2_1 to 1_3
2_1 to
Lorip1

Crescent_Ctena_7_01064

100

Crescent_Ctena_7-->Pigeon_Ctena_1

Bahamas to Bahamas

1_3 to 1_2

Protein YffB

Pigeon_Ctena_1_01556
Pigeon_Ctena_1_02345

Crescent_Ctena_7_01038
Crescent_Ctena_7_01408

100
100

Bahamas to Bahamas
Bahamas to Bahamas

1_3 to 1_2
1_3 to 1_2

Hypothetical protein
Hypothetical protein

Graham_Lucina_4_00166

Crescent_Ctena_7_00506

100

Bahamas to Bahamas

1_3 to 1_2

Hypothetical protein

Graham_Lucina_4_04000

Crescent_Ctena_7_03152

100

Bahamas to Bahamas

1_3 to 1_2

Hypothetical protein

Crescent_Ctena_7_02284

Pigeon_Lucina_2_03061

100

Bahamas to Bahamas

1_2 to 1_3

Hypothetical protein

Crescent_Ctena_6_04072

Pigeon_Codakia_2_00768

99.151

Bahamas to Bahamas

2_3 to 2_1

Hypothetical protein

Crescent_Ctena_7_02307

Pigeon_Codakia_1_03038

100

Bahamas to Bahamas

Bokeelia_Stewartia_2_01610

1_2 to 1_3
Lorip1 to
1_2

Hypothetical protein

Pigeon_Ctena_1_00638

Crescent_Ctena_7-->Pigeon_Ctena_1
Crescent_Ctena_7-->Pigeon_Ctena_1
Crescent_Ctena_7->Graham_Lucina_4
Crescent_Ctena_7->Graham_Lucina_4
Pigeon_Lucina_2->Crescent_Ctena_7
Pigeon_Codakia_2->Crescent_Ctena_6
Pigeon_Codakia_1->Crescent_Ctena_7
Bokeelia_Stewartia_2->Pigeon_Ctena_1

94.444
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Florida to Italy

Florida to Bahamas

Hypothetical protein
Hypothetical protein
Transcription antitermination
protein NusB
Hypothetical protein
Hypothetical protein

Hypothetical protein

Hypothetical protein

Gene Expression
To determine the activity of common metabolic genes in the lucinid
endosymbionts, gene expression of three specific genes within ASV 1 MAGs was
assessed from different environments (Table 8). Overall, rbcL had the highest gene
expression and nifH had the lowest gene expression among all samples. The sand
environment had the highest rbcL gene expression and the lowest rbcL gene expression
was from the sediment environment. The environment with the highest nifH value was
Ruppia. The environments Betaphoria and sediment had the highest gene expression for
ccoN1 and the lowest gene expression for ccoN1 was from the Derbesia environment.
There was a significant difference in the gene expression copy number between the three
genes with a p-value of 0.0002, but there was not a significant difference in the gene
expression copy number between environments with a p-value of 0.3.
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Table 8: Gene expression of samples from different environments
The gene expression of at least two samples from an environment was determined for
three different genes: rbcL, cbb3, and nifH. The gene rpoD was used to normalize the
other genes. The average starting quantity (SQ) value was calculated based on three
replicates. There were four sample and gene combinations (blank boxes) that could not be
calculated because the values were below detection.
Sample Name
LUC17002BG
LUC17002EG
LUC17004DG
LUC17004EG
LUC17005CG
LUC17005EG
LUC17005JG
LUC17006AG
LUC17006HG
LUC17006IG
LUC18007AG
LUC18007CG

Environment
Ruppia (seagrass)
Ruppia (seagrass)
Betaphoria (algae)
Betaphoria (algae)
Derbesia (algae)
Derbesia (algae)
Derbesia (algae)
Sand
Sand
Sand
Sediment
Sediment

Location
Crescent Pond
Crescent Pond
Moon Rock Pond
Moon Rock Pond
Moon Rock Pond
Moon Rock Pond
Moon Rock Pond
Moon Rock Pond
Moon Rock Pond
Moon Rock Pond
Pain Pond
Pain Pond
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rbcL ccoN1 nifH
0.081 0.200 0.000
0.780 0.031 0.002
0.555 0.394 0.000
0.662 0.253 0.000
0.000
1.169 0.069 0.000
0.033 0.059 0.000
0.000
1.553 0.131 0.001
1.323 0.432 0.000
0.581 0.266 0.000
0.560 0.303 0.000

CHAPTER FIVE
DISCUSSION
Endosymbionts found in lucinid gills have not been extensively studied,
especially their genetic and functional differences from different environments and
geographic locations. Most studies have examined phylogenetic relationships 18,23,25
among the lucinid endosymbionts and the three-way symbiosis with seagrass 14. The host
species are found, however, in environments lacking seagrass, so I hypothesized there
would be differences in the metabolism among their endosymbionts. My work
significantly expands the knowledge of the genetic and functional differences in lucinid
endosymbionts among environments and geographical locations that may contribute to
the survival of the lucinids and their endosymbionts. In this study I found that lucinid
endosymbionts clustered more by taxonomic specificity and location than other factors.
Based on AAI/ANI, phylogenomic and pangenomic analyses, environment type did not
show much of an effect on the phylogenetic and functional gene profiles of the lucinid
endosymbionts. Similar to other studies, endosymbiont functions did not cluster based on
the lucinid host 23. The same subspecies were found in different locations and hosts,
indicating those subspecies are important evolutionary in the survival of the lucinid hosts.
The presence of unique genes and horizontally transferred genes in each subspecies likely
help in the adaptation and evolution to different conditions at different locations. Overall,
this study found that the genetic and functional repertoire of the lucinid endosymbionts
could not only be affected by location/environment, but also by the presence of genes that
were horizontally transferred, including incomplete prophages.
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Main Genetic and Functional Differences in Species and Subspecies
Several analyses indicated extensive genetic diversity among gill samples from
different hosts, locations, and environments. The ANI, AAI and pangenome analysis
resulted in similar MAG diversity outcomes, but not all analyses had the same accuracy.
Even though the ANI had the same number of groups and subgroups as the AAI and
pangenome analysis, the MAGs grouped differently. The AAI data is probably more
reliable than the ANI analysis because the AAI analysis uses codons, which are less
likely to be affected by third codon neutral base changes. The differences between the
AAI and ANI could also be due to how both are calculated because AAI is calculated
based on conserved protein coding genes 80, while ANI is calculated based on comparing
fragments of the genome sequence to homologous regions 92. The ANI could also be
different based on what genome was chosen as the query and the subject 92.
The phylogenomic and 16S rRNA gene trees showed variation in the genetic
diversity within and between trees. Despite both phylogenetic trees having the same main
groups, the evolutionary distance matrix showed some differences in how similar the
groups were to each other and within the same group. The evolutionary distances within
and between the groups/species showed that the group with the most evolutionary
distance within the group for both 16S rRNA gene and phylogenomic tree was Ca.
Thiodiazotropha endoloripes group 1. Since Ca. Thiodiazotropha endolucinida group 1
and 2 are more similar to the same species based on AAI/ANI one would expect those
would have a smaller distance and both would be more distant from Ca. Thiodiazotropha
endoloripes group 1, which occurred only in the phylogenomic tree. These results
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indicate that the phylogenomic tree was more accurate than the 16S rRNA gene tree,
likely due to the quantity of sequences that were being compared for each sample.
The phylogenomic and 16S rRNA gene tree both resulted in three main clades but
based on other analyses, one tree might be more advantageous in certain situations than
the other. Using the 16S rRNA gene for phylogenetic analyses could be more
advantageous because the 16S rRNA gene is found in almost all bacteria, and is
convenient because of the consensus primers available for amplification, but 16S rRNA
gene sequences are generally only useful in identifying genera and have low phylogenetic
power at the species level 93. For example, in the genus Bacillus, the species B. anthracis
and B. thuringiensis are >99% similar based on 16S rRNA gene. Therefore, they would
be considered the same species except they are very different in that the one causes a
major disease in humans and the one is harmless to humans 94. As previously stated,
amino acids are generally more stable and efficient at predicting similarity than
nucleotides. Phylogenomic analyses can include tens of thousands of amino acids from
hundreds of common proteins, while the full length 16S rRNA gene is only about 1500
bp total length, meaning that phylogenomic analyses can compare more between species
to get a more sensitive and accurate result. The limitation of using proteins is if one is
looking at organisms that are closely related, using a DNA-based analysis, there would be
fewer issues like codon bias 95.
MAG functional gene analyses of the different species/subspecies revealed unique
functions specific to the species/subspecies, which could be useful in the survival and
adaptation in different environments and locations. Some genes were detected in all
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MAGs, indicating they are most likely necessary for all symbionts while others might be
used in different locations or environments. For the global pathway KEGG analyses,
many of the genes present in the carbohydrate metabolism, membrane transport, and
cellular community in prokaryotes categories were most likely different between species
because they could be more beneficial for some endosymbionts than others, especially in
specific environments or locations with varying nutrient levels or are important in the
free-living stage of the bacteria’s lifecycle.
For instance, in an ever-changing environment with fluctuating nutrient supplies,
bacteria need to adapt their metabolic capabilities quickly to survive and outcompete
other bacteria. Overall, most of the unique carbohydrate metabolism genes came from
Ca. Thiodiazotropha endolucinida group 2 (51%) and the least was from Ca.
Thiodiazotropha endoloripes group 1 (11%). Most unique genes from Ca.
Thiodiazotropha endolucinida group 1 were related to fructose and mannose transport
and ABC transporters and Ca. Thiodiazotropha endolucinida group 2 unique genes were
related to glyoxylate and dicarboxylate metabolism and ABC transporters. In a mixed
environment bacteria tend to choose the carbon source that is more energetically
favorable and provides the fastest growth 96. It is likely that the lucinid endosymbionts
each utilize different carbohydrate pathways based on specific factors like what is
available and whether the endosymbiont is free living or inside a host. Since lucinid
endosymbionts are free living at some point in their lives, they might have required
specific genes involved in carbohydrate metabolic pathways before the symbiotic
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relationship with the lucinid or the endosymbiont might need that pathway during the
cycle when the endosymbiont is searching for a new host.
Membrane transport genes showed some unique genes in each species and
carbohydrate metabolism overlapped with many genes from membrane transport. Most of
the unique genes in Ca. Thiodiazotropha endoloripes group 1 were related to urea
transport and type III secretion systems; Ca. Thiodiazotropha endolucinida group 1
unique genes were related to fructose and mannose transport and ABC transporters; and
Ca. Thiodiazotropha endolucinida group 2 unique genes were related to glyoxylate and
dicarboxylate metabolism and ABC transporters. A majority of unique genes from Ca.
Thiodiazotropha endolucinida groups 1 (100%) and 2 (74%) for carbohydrate metabolism
and membrane transport were the same. Carbohydrate metabolism and membrane
transport probably have similar genes because in general carbohydrates are transferred
across membranes constantly in bacteria cells by gradients and modifications, so they can
be transported where they are most needed 97. In the lucinid, the endosymbiont either has
to transport the sugars it creates from fixing carbon to the host for the host’s survival
which in turn helps the seagrass and the three-way symbiosis or transports sugars in to
use for cellular metabolism while in its free-living stage outside the host.
As mentioned above, the cellular community (prokaryotes) category, which
includes quorum sensing and biofilm formation, was more represented in accessory and
unique genes than from core genes from the analyzed endosymbiont MAGs. The
differences between subspecies were probably in the quorum sensing genes because
similar genes were found for biofilm formation in all subspecies. Multiple studies show
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the importance of quorum sensing in symbiotic eukaryotic relationships such as
bioluminescence in Vibrio fischeri 98; root nodulation in Rhizobium 99; toxins in
Clostridium perfringens; 100 and exopolysaccharide production in Sinorhizobium meliloti
101

. The lucinid endosymbionts could use quorum sensing to create antibacterial

compounds as a defense against colonization of other microbes 102 or against host
defenses103; or create required compounds for its symbiotic relationship.
Many similar metabolic functions are necessary for the survival of all prokaryotes,
but sulfur metabolism is most likely specific to these types of chemoautotrophic
endosymbionts. These endosymbionts are known to oxidize sulfide from the
environment, specifically seagrass environments, which can create sulfate 104. Sulfur
metabolism was in the top ten most abundant functions for all species found in this study,
which could be due to the chemoautotrophic nature of the endosymbionts 104. The
subspecies Ca. Thiodiazotropha endolucinida group1_2 had three unique genes
(dissimilatory sulfite reductase, sulfate adenylyltransferase, and sulfur dioxygenase)
present for sulfur metabolism than other endosymbionts, meaning there may be more
capacity for sulfur metabolism under different conditions in that subspecies compared to
the other subspecies. Bacteria in the sediment where seagrasses thrive decompose organic
matter and these bacteria use sulfate as an electron acceptor and produce sulfide. A
buildup of sulfide in the environment can be detrimental for the seagrass 105. Ca.
Thiodiazotropha endolucinida group1_2 contains dissimilatory sulfite reductase which
can be used to convert the sulfide into sulfite and can be converted even more into sulfate
106,107

. Sulfur dioxygenase is also another enzyme that can detoxify sulfide 108. The gene
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sulfate adenylyltransferase can then take that sulfate plus an ATP and convert it into
adenosine 5’-phosphosulfate (APS) and pyrophosphate which are molecules that can be
used for other processes 109.
Nitrogen is another essential compound in cellular metabolism, and the
endosymbionts show some variability in the types of nitrogen metabolism genes present.
Genes for ammonium transport proteins were found in all MAGs probably because the
endosymbionts can use the ammonia waste produced by the lucinid as a nitrogen source
22,23

. Excess ammonium can be converted into urea by the urea cycle which requires the

enzymes arginosuccinate synthase and lyase 110. All subspecies had genes to produce
arginosuccinate enzymes therefore, the ability to produce urea. Urea can be an important
nitrogen source especially when nitrogen is low in abundance for prokarytotes110. As
others have found 18,23,111, the only subspecies that had a gene for ABC transporter urea
uptake was Ca Thiodiazotropha endoloripes group 1 which could mean that this
subspecies relies more on urea as a nitrogen source. Also, Ca Thiodiazotropha
endoloripes group 1 was the only subspecies to have the gene for the rare enzyme
nitrilase, which could give the bacteria the ability to use nitriles as a source of nitrogen
for growth, again showing this subspecies has unique nitrogen metabolism compared to
other Clade A endosymbionts 112.
Even though the lucinid endosymbionts spend most of their time enclosed inside of
a host, they are horizontally acquired and need to invade the host, likely in competition
with other bacteria. Therefore, the use of invasion and defense systems are required. All
subspecies had some genes for the proteins involved in the type IV secretion system. Ca
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Thiodiazotropha endoloripes group 1 had type III, IV and VI secretion system genes. type
III secretion systems are found in Gram-negative pathogens and symbionts, where they
can deliver effectors directly into the hosts cytosol to manipulate the hosts processes for
their own use 113. Type III secretion systems are horizontally acquired114, which could be
the reason why this system is only found in one lucinid endosymbiont subspecies. Type
VI secretion systems are common in Proteobacteria and can be either anti-eukaryote or
antibacterial where the bacteria can kill or inhibit the growth of competitor bacterial cells
without harming sibling cells (specific immunity proteins) 115. In one study the C.
orbiculate symbiont MAGs had types I, II, and VI secretion systems 18, while another
study showed MAGs of Ca. Sedimenticola had genes for type I, II, and possibly types III
and VI 23. All the samples from these studies, however, were collected from Florida, USA
while the samples in this study were collected mostly in the Bahamas. The samples from
the Florida locations in the other two studies 18,23 had secretion systems I, II and VI, while
the samples from the Bahamas and Florida in this study had secretion systems III, IV, and
VI showing location might influence invasion functions present in the endosymbionts.
The defense genes in the MAGs mostly differed between subspecies and there were
only a few shared among all subspecies. The only genes they all shared were for the
antitoxin CptB, antitoxin ParD1 and toxin ParE1, and Putative hemolysin. The CptB
antitoxin and CptA toxin are classified at type IV toxin-antitoxin (TA) systems where the
antitoxin and toxin do not interact with each other but rather the antitoxin interacts with
the toxins target 116,117. This means that the toxin and antitoxin do not have to be together
which could indicate that the toxin is found in the environment and is horizontally
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transmitted, the toxin is just missing due to the incompleteness of the genomes, or it was
lost from lack of necessity during evolution. The gene beta-lactamase class A was only
found in one subspecies (Ca Thiodiazotropha endoloripes group 1) which hydrolyzes βlactam antibiotics resulting in resistance to β-lactam antibiotics 118. Also, based on KEGG
pathway analyses, antimicrobial resistance genes were 30 times more abundant in Ca
Thiodiazotropha endoloripes group 1 than the other two species meaning this species
might need more defense mechanisms or ways to compete in their environment than the
other species. CRISPR associated genes were also only found in Ca. Thiodiazotropha
endolucinida group 1_1 which could indicate that subspecies encounters reoccurring
viruses because CRISPR is a type of adaptive immune system for bacteria and archaea
against viruses (usually bacteriophages) 119. Also, Ca. Thiodiazotropha endolucinida
group 1_1 had the second highest total prophage coding sequences which could mean
that Ca. Thiodiazotropha endolucinida group 1_1 requires the CRISPR genes as a
defense if many prophages are invading the bacterial cells more than other species 120.
Differences in Endosymbiont abundance or function according to Location or
Environment
Besides the genetic and functional differences among species/subspecies discussed
above, as I hypothesized, location or environment could also influence the genetic and
functional profiles of the endosymbionts. Beta diversity analyses showed some patterns
between the different samples from different locations and environments. For instance,
none of the samples dominated by ASV 2 were from Pigeon Creek and were dominated
by samples from the three ponds in the Bahamas. The phylogenomic and 16S rRNA gene
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tree also show that there are not any samples from Pigeon Creek in the ASV 2 equivalent,
Ca. Thiodiazotropha endoloripes group 1. The samples dominated by ASV 3 were mostly
from Pigeon Creek and the phylogenomic and 16S rRNA gene tree also show many
samples in Pigeon Creek for the equivalent species, Ca. Thiodiazotropha endolucinida
group 1. The outlier samples dominated by ASV 1 were mixed samples but the other
dominant ASVs in the sample were not related to Ca. Thiodiazotropha spp. Besides ASV
1, the outliers were mostly dominated by ASVs belonging to the class
Alphaproteobacteria. Two other studies also found Alphaproteobacteria to be in the top
abundant operational taxonomic units (OTUs) in lucinids with non-endosymbiont
Gammaproteobacteria also abundant 121,122.
The beta diversity and ASV analysis showed some patterns based on the location
that differed with the MAG pangenome analysis, likely due to the different samples used
in each analysis (only ten samples overlapped). The ASV analysis had more patterns in
the location than the MAG analysis where mostly samples clustered based on main
location. The ASV analysis looked at samples from four diverse environments while the
MAG analysis primarily examined samples from seagrass environments. A secondary
reason the ASV and MAG analyses were different could be due to the size of what was
being analyzed. ASVs are short, 250 bp amplicons of the 16S rRNA gene (hypervariable
regions), while MAGs contained nearly the entire genome which in this study was around
4,000,000 bp per sample. Also, samples from different locations and environments were
used for the ASV and MAG analysis.

83

For the second research question, I hypothesized that different environments or
locations would influence expression of key metabolic genes, however my hypothesis
was not fully supported due to the lack of values for some samples and replicates. There
were some patterns, however, for some environments. Expression of rbcL was the most
abundant in almost all samples, which is logical based on the fact that the symbionts are
chemoautotrophic while in the host, where they use sulfur as energy source to fix carbon
dioxide into energy. Symbionts from the sand environment had the highest expression of
the rbcL gene which could be because sand has been shown to have low organic matter
compared to other environments. Lucinids use their foot to burrow into the sediment and
mine the sulfide produced by decaying organic matter 123, so if there is a lack of organic
matter in sand, the lucinid would have to rely more on the endosymbionts to switch to a
different electron acceptor such as nitrate for energy/sugars.
The differences in carbohydrate metabolism discussed above could be due to the
transition of endosymbionts from autotrophic to heterotrophic. Nitrogen fixation, is an
energy intensive process usually found in heterotrophs 124–126, so it is likely that when the
endosymbionts are free-living they are heterotrophs and thus can utilize organic
compounds such as carbohydrates for energy 127. Also, the expression of nifH was the
least of the genes examined and barely detectable, which again could be due to
chemoautotrophs oxidizing sulfide from the environment for sugars rather than using
nitrogen when inside the host. The low expression of nifH could be because most of the
nitrogen requirements can be taken up from the environment through the forms of
ammonium, nitrate, or dissolved free amino acids 128. Also, as previously mentioned most
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microorganisms that utilize nitrogen fixation are anerobic because oxygen destroys
nitrogenase, meaning that the endosymbionts might utilize oxygen and can not fix
nitrogen at the same time 35.
Three environments, Batophora (algae), sediment and sand, had the highest
expression values for ccoN1. The cbb3 oxidases have a high affinity for oxygen meaning
these oxidases are useful in environments with little oxygen available. The sand and
sediment environments do not have plants to produce oxygen, so these environments
mostly likely have very little oxygen available in environments 129,130. It is also possible
the sampling time point for the lucinids from the algae environment were at a point when
there was oxygen starvation and thus ccoN1 was utilized. Sand and sediment could have
contained other types of organic matter that would cause more anoxic conditions and
hence a higher ccoN1 expression. The sqr gene could not be analyzed due to a problem
with several primer sets and a quality standard curve could not be created, so sulfur
uptake gene expression was not analyzed.
Potential Causes of Endosymbiont Variability in Location or Environment
My first hypothesis which stated location or environment would cause the most
differences in the genetic and functional repertoire was not entirely supported based on
the data. The samples mostly clustered based on taxonomic specificity
(species/subspecies) overall, but there were some analyses that general location might
have had an effect. Horizontal gene transfer, prophage component analysis and the types
of invasion and secretion system genes differed between geographic locations.
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Intraspecific strain level diversity of lucinid thioautotrophic endosymbionts was shown in
another study to be shaped by the geographical location 21, which was similar to this
study which showed some effect on the types of species/subspecies present at different
locations. Most of the subspecies did not cluster based on specific location but some
clustered with general location (e.g. Bahamas) especially the subspecies. Since there were
many more MAGs analyzed from the Bahamas than Florida, one cannot show there are
definite patterns between the two main locations.
However, when examining specific genes/functions, there were differences in some
genes or processes based on location. The horizontal gene transfer analysis and prophage
analysis showed that most of the genes and prophages were from samples collected from
the Bahamas. Genes donated and received from the Bahamas was about 70%. About 50%
of prophages were found in samples from the Bahamas and 38% were found in Florida
samples. While prophage variation was the same for each location, the prophage
component analysis showed that specific prophages were found at specific locations.
Location, especially related to geographic isolation or barriers might be an
important factor in horizontal gene transfer. MAGs from Graham’s Harbor and Pigeon
Creek received and donated most of the Bahamas’ genes overall (>80%) but made up
only 36% and 21% of the MAGs from the Bahamas. This contrasts with the MAGs from
the three Bahamas ponds, where only about 10% of genes were transferred or received by
MAGs but were represented the most out of all Bahamas samples (~43%). Graham’s
Harbor and Pigeon Creek are both directly connected to each other via the ocean, while
the three ponds are inland and may not have connections with each other or the ocean
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water 131,132. These differences in physical isolation agree with my results where HGT
was less of a factor between MAGs found in different ponds and with ocean or creek
samples. Therefore, the physical connection or isolation between the locations likely
contributes to the extent of horizontal gene transfer in the Bahamas.
Surprisingly, the same defense genes found in all subspecies encoding the toxin
ParE1and antitoxin ParD1 were also donated by the same sample
(Graham_Clathrolucina_1) and received by the same sample (Cedar_Lucina_3). The
reason why these genes are found in every subspecies could be due to horizontal gene
transfer and these genes could be important in the endosymbiont’s survival. Also, a
sulfite reductase and sulfur carrier protein gene were donated by different samples,
meaning the endosymbionts might utilize horizontal gene transfer to gain genes to
oxidize sulfur from the environment. Two ribosomal protein genes were transferred each
only once and both were donated from two different samples collected from Graham’s
Harbor. One study found many ribosomal proteins being horizontally transferred from
six major human body sites including two of the same from this study (50S L2 and 30S
S6) 133. Ribosomal proteins were thought to be conserved so if they are horizontally
transferred, they may not be as accurate as previously believed for phylogenetic analyses.
Prophages also have the potential to cause variability in an environment or location
through viral transduction, a specific form of horizontal gene transfer. Samples from the
Bahamas had the most prophage components compared to the Florida samples, but since
there were also statistically significant more samples from the Bahamas, this might not be
accurate. Florida samples only had about 11% less prophage components than the
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Bahamas and the Bahamas had more than double the amount of samples than Florida.
Also, the variation of prophage species differed between the Bahamas and Florida. The
number of samples at a location and the number of total prophage components positively
correlated for most of the locations, except for MAGs from samples collected from
Graham’s Harbor and Pigeon Creek. The lack of prophage components from Sammy
Creek, Graham’s Harbor and Pigeon Creek could have caused errors in the analysis.
Prophages may not have been detected in the subspecies Ca. Thiodiazotropha
endolucinida group 2_3 if the prophages were very damaged from decay or other factors
or they did not have the exact characteristics the program looks for to identify the
sequence as a prophage. It is difficult in general to detect prophages because there is not a
large database for prophages, there is not uniform criteria for detecting prophages, not all
integrase genes are phage related, and prophages have many forms (sequences very
different) 134. If a prophage has lost most of its genome, then it is very unlikely current
programs could detect it. The program PHASTER only looks at a certain viral database
which only has ~230,000 sequences and the program looks for areas in the sequence that
have several prophage traits. For example if only like one prophage component is
detected in one region and another prophage component in another region, PHASTER
may not detect the prophage at all if there is nothing in between those components 135.
In conclusion, this study suggests that lucinid endosymbiont samples were more
genetically and potential functionally similar based on taxonomic specificity, but location
and possibly environment may still influence realized functionality. Many specific genes
for different functional subsystems were unique to a certain species or subspecies and
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could provide an advantage in a specific environment and/or location. The lucinid
endosymbionts with the unique genes might adapt better to the ever-changing
environments and have an advantage over the competition or occupy a unique niche that
can’t be fulfilled by other bacteria. Location and/or environment might have had an
impact on the presence and abundance of ASVs. Location influenced the prophage
components present and invasion and defense genes while subspecies did not show much
of an effect on the prophages present. Genes were horizontally transferred significantly
more from the Bahamas. This research significantly expands the known diversity and
representatives from three lucinid endosymbionts.
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CHAPTER SIX
FUTURE WORK
There were three species of endosymbionts from Clade A in this study. More indepth genetic analyses on the endosymbionts could determine if the endosymbionts are
definitely different species and even different species from other published studies. It
would also be interesting to see if there are any ways to culture symbionts in the
laboratory with special media and maybe eventually see how the endosymbionts interact
in various scenarios like changing nutrient availability, temperature, etc. Imaging the
clam’s gills where the endosymbionts are located would also be an interesting future
research project and potentially seeing the actual endosymbionts as well as seeing them
interact.
The lucinid endosymbionts in this study had several categories of functions that
were unique to all or some subspecies. Functional pathways have not been documented a
lot in the lucinid endosymbionts, so future studies should determine the general major
metabolic pathways the endosymbionts utilize from start to finish. Also, it would be
interesting to investigate the unique functional genes and what unique pathways each
species utilizes or even how the endosymbiont uses that specific process/pathway. For
example, quorum sensing was in one of the unique functional categories but there are
many uses for quorum sensing in bacteria. How do the lucinid endosymbionts utilize
quorum sensing to their advantage and does it change in different environments or
locations?
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There are very few studies that have investigated horizontal gene transfer in the
lucinid endosymbionts as well as the presence of prophages. More research should
investigate the type of prophages present like if its active, the benefits the prophage might
have to the endosymbiont/host and what kind of benefits, and does location or
environment influence the species of prophages present. Since endosymbionts are
acquired by horizontal transfer from the environment, it is likely the functional genes in
the endosymbionts are also transferred through the environment. The functional genes
could come from the sediment/sand the lucinids are burrowed in so future research could
take samples of the sand/sediment and analyze those samples with the endosymbionts to
determine if genes are being horizontally transferred from the environment to the
endosymbiont. More studies on horizontal gene transfer should also explore the unique
genes found in this study and if the specific unique genes found in each species are being
transferred, to potentially determine where the genes came from.
Future research should also consider analyzing more samples from different
environments as well as from more locations to determine if the environment or location
affect the lucinid endosymbionts. It could also be beneficial to use samples from the same
host to determine if the location and environment cause changes and not other factors. It
would also be interesting to look at different species of seagrass and if the species of
seagrass have any functional or genetic effect on the lucinid endosymbionts as well as
algae.
If the lucinid endosymbionts are essential for the lucinids survival and they are
affected by environmental change, then climate change or other anthropogenic influences

91

could not only be detrimental for the lucinid but other organisms that rely on the lucinid
and seagrass. Everything in nature is connected and when an organism is removed from
that connection, everything else can suffer. Future studies should look into the
anthropogenic effects of the three-way symbiosis between the lucinid, endosymbionts
and seagrass to determine the future for this symbiosis and other organisms that rely on
the symbiosis and the organisms themselves. One of the main factors to consider is
increasing temperature because an increase in temperature has shown to be detrimental to
other marine species like coral reefs. Other factors that should be addressed in future
studies are water pH, temperature, salinity, and dissolved oxygen. Nutrient availability.
Future research could determine if lucinid endosymbionts can adapt to changing
conditions.
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